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Abstract
The ability to forecast future volcanic eruption durations would greatly benefit emer­
gency response planning. A probabilistic model to forecast the duration of eruptions 
is presented here. The model relies on past eruptions being a good indicator of future 
activity. Datasets of historic eruptions from Mt. Etna (flank only), Kilauea, Piton de 
la Foumaise (PdlF) and Iceland have been compiled through a critical examination 
of existing literature and careful consideration of uncertainties in reported dates. The 
eruptions from Mt. Etna, Kilauea and PdlF are all basaltic effusive eruptions, however, 
the Icelandic dataset is more diverse and seven types of duration have been identified 
and are assessed independently. These datasets have also enabled an assessment of 
repose intervals (eruption end to eruption start) to be conducted.
Eruption duration and repose interval data are modelled using exponential, Weibull, 
log-logistic and Burr type XII distributions with parameters found by maximum likeli­
hood estimation. Log-logistic distributions are found to often provide the best-fit to the 
observed data. Survivor function statistics are applied to the best-fit theoretical distri­
bution of each dataset and used to forecast (a) the probability of an eruption exceeding 
a given duration, (b) the probability of an on-going eruption (having reached t  days) 
exceeding a specified total duration and (c) the minimum duration associated with a 
given probability.
Eruption duration analyses at individual volcanic systems show systematic variations 
with time and different time periods have different duration regimes. Comparisons of 
the erupted volumes associated with these duration regimes show that volume is an 
important control on eruption duration. Average eruption rates also determine erup­
tion duration and comparisons of data from Kilauea, PdlF and volcanic systems from
different regions of Iceland have led to the hypothesis that volcano spreading rate may 
have an important control on eruption rate and subsequently eruption duration.
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Chapter 1
Introduction
Eviafjallaiokull, Iceland, 2 0 1 0
The anticipated duration of future or on-going volcanic eruptions is often a topic of 
much concern in volcanically active areas. As population density surrounding ac­
tive volcanoes increases so does the demand for effective risk mitigation measures 
(Behncke et al., 2005; Connor et al., 2006; Marzocchi and Bebbington, 2012). The 
UK became acutely aware of this during the summit eruption of Eyjafjallajokull in 
South Iceland which started erupting on the 14 April 2010 and quickly gained notori­
ety by injecting large volumes of very fine volcanic ash into the atmosphere, grounding 
international air traffic (Gudmundsson et al., 2010, 2012). The resultant growing eco­
nomic impact and the threat the eruption posed to aircraft safety led to concerns about 
the likely duration of the eruption, yet systematic studies of eruption duration are rare 
(Mulargia et al., 1985; Stieltjes and Moutou, 1989; Simkin, 1993; Sparks and Aspinall, 
2004; Mastin et al., 2009).
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The ability to confidently forecast future eruption durations would greatly benefit emer­
gency response planning at times of volcanic crisis. Empirical statistical models can 
provide probabilistic constraints on the likely duration of future or on-going eruptions 
and statistical analyses of historic eruption duration data may provide useful insight 
into the processes driving volcanic eruptions.
1.1 Aims and Objectives
This PhD uses published information of historical eruption durations to compile reli­
able datasets on the duration of eruptions from Mt. Etna, Kilauea, Piton de la Four- 
naise (PdlF) and Iceland. By using a clearly stated definition of eruption duration and 
a thorough qualitative assessment on the uncertainty surrounding documented erup­
tion start and end dates the datasets compiled within this study are both consistent and 
reliable.
The primary aims of this investigation are to use these newly compiled datasets to 
demonstrate an empirical probabilistic model developed to forecast the likely duration 
of future eruptions. The model itself can be used to forecast events which have not 
yet started by giving the probability associated with exceeding a stated duration or the 
minimum duration associated with a stated probability. Alternatively, the model can 
be refined so that it can be used to forecast the eventual duration of an eruption which 
is on-going. To demonstrate the versatility of the empirical forecasting model it is also 
applied to repose interval data for the volcanic systems being investigated.
Although probabilistic forecasts of future volcanic eruption durations are undoubtedly 
useful, they could be improved with increased understanding on the processes physi­
cally controlling an eruption’s duration (Decker, 1986). By comparing the distributions 
of eruption durations, repose intervals, erupted volumes and average eruption rates
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from the volcanic systems investigated within this study, this thesis begins to identify 
some leading controls on volcanic eruption durations.
The ultimate objective of this study is to develop new methods of forecasting the evo­
lution of volcanic eruptions so that emergencies can be managed more effectively in 
the future.
1.2 Previous studies concerned with forecasting volcanic 
activity
The planning of effective risk mitigation of volcanic hazards relies on sensible long­
term forecasts of the timing, location, size and style of future eruptions (Marzocchi and 
Bebbington, 2012; Bebbington, 2013). These forecasting goals are complicated due to 
the complex physical processes underlying volcanic eruptions and the large uncertain­
ties involved (Decker, 1986; Marzocchi and Bebbington, 2012; Schmid et al., 2012). 
In general volcanic hazards are closely related to the character of their eruptions, i.e. 
effusive eruptions often pose less of a threat than their more explosive counterparts 
(Decker, 1986). As such, much can be learnt from good historical eruption records 
of potentially active volcanoes. Forecasting models based on historical records are 
effective and inexpensive, however, they have their limitations (Decker, 1986). Most 
importantly, eruption habits can change with time, rendering past eruptive behaviour a 
poor representation of future activity (Stein and Geller, 2012) and therefore the identifi­
cation of fluctuations and trends in the eruptive behaviour of a volcanic system forms a 
fundamental part in the development of models of future activity (Decker, 1986; De la 
Cruz-Reyna, 1991; Behncke and Neri, 2003). Despite this precaution, unprecedented 
events can still occur, and estimating extreme events is a tough challenge for scientists 
in any field (Stein and Geller, 2012). For example the 2011 Tohoku earthquake was
3
CHAPTER 1. INTRODUCTION
considerably larger than those considered in the Japanese government’s hazard map, 
and as a result the subsequent tsunami over-topped seawalls causing more than $ 2 1 0  
billion damage and 18, 000 deaths (Stein and Geller, 2012).
For short-term forecasting (hours to months) monitoring information and observed 
physical changes in volcanic systems are considered to provide more sensitive infor­
mation about an imminent eruption than the character of the volcano’s past activity 
(Marzocchi and Bebbington, 2012; Bebbington, 2013). Such deterministic attempts 
typically give limited results, that could be misleading due to the inherent uncertainties 
that they contain (Bonadonna, 2006; Marzocchi and Bebbington, 2012). A probabilis­
tic approach to forecasting attempts to quantify these uncertainties using all available 
information (Marzocchi and Bebbington, 2012). For many years such probabilistic 
approaches to forecasting volcanic activity were limited to long-term problems (occur­
ring over years to decades), where uncertainties are more readily accepted (Marzocchi 
and Bebbington, 2012). In many ways meteorologists have taken the lead in accepting 
that the lack of deterministic predictions is not a sign of scientific failure but a ratio­
nal approach to the nature of the problem (Decker, 1986; Marzocchi and Bebbington, 
2012; Stein and Geller, 2012). It is worth noting, however, that while probabilistic 
forecasts based on empirical data are useful, they do not approach the potential accu­
racy that may be achieved by fully understanding how volcanoes work (Decker, 1986). 
Marzocchi and Bebbington (2012) (and references therein) give a good over-view of 
probabilistic eruption forecasting at both long and short time scales.
1.2.1 Probabilistic forecasting of volcanic eruption durations and 
onset times
The physical properties controlling the duration of volcanic eruptions are not fully 
known. As such, the monitoring of on-going volcanic eruptions is currently not suffi­
4
CHAPTER 1. INTRODUCTION
cient to give information regarding how much longer the eruption will last. This study 
analyses datasets of historic eruption durations and makes probabilistic forecasts of 
future eruption durations based on them. While previous investigations into eruption 
durations are rare (Decker, 1986), the number of studies concerned with the period 
of inactivity between volcanic eruptions (repose interval) is vast (Marzocchi and Beb­
bington (2 0 1 2 ), and references therein).
In a simple volcanic system (such as Kilauea) the inter-eruptive period is defined by 
surface quiescence while the magma reservoir fills and inflates. An intrusion or erup­
tion occurs when the pressure within the magma reservoir exceeding the confining 
pressure. As such, eruption onset is most probably related to the amount of magma 
and/or excess pressure accumulated and the mechanical stability of the volcano, while 
the end of an eruption is related to the amount of pressure required to keep the con­
duit open or simply the volume of magma available. Although the physical processes 
of inter-eruptive periods and eruptive periods are different, similarities can be drawn 
between previous studies of repose intervals and the methods used to investigate erup­
tion duration in this thesis. The general themes in these investigations are commented 
on below, however, more specific descriptions of their models and data is beyond the 
scope of this PhD (a good overview of these methods are included within Bebbington 
(2012)). Investigations which draw strong similarities with the statistical methods used 
in this investigation are discussed in more detail in Chapter 2.
Wickman (1966) first proposed that repose interval data could be used to forecast fu­
ture eruption onsets. This early investigation demonstrated that while the timing of 
eruptions at some volcanic systems appear random, other volcanoes show patterns of 
increasing or decreasing probability of an eruption with increasing repose interval. Sta­
tistical analyses of repose intervals have since been applied to global data, for eruptions 
of similar sizes and characteristics (De la Cruz-Reyna, 1991; Coles and Sparks, 2006; 
Connor et al., 2006; Marzocchi and Zaccarelli, 2006), to regional data, for volcano
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specific forecasting (Mulargia et al., 1985; Stieltjes and Moutou, 1989; De la Cruz- 
Reyna, 1993; Bebbington and Lai, 1996; Connor et al., 2003) or to a combination of 
the two (Pyle, 1998; Varley et al., 2006; Watt et al., 2007; Dzierma and Wehrmann, 
2010; Passarelli et al., 2010; Thelen et al., 2010). Results from such investigations 
have identified patterns in historical data that can be matched to particular statistical 
distributions (e.g. Poisson, exponential, Weibull and log-logistic distributions). Dif­
ferent theoretical distributions are found to fit different volcanoes due to differences in 
the physical mechanisms controlling the volcanoes’ output (De la Cruz-Reyna, 1991; 
Watt et al., 2007; Bebbington, 2013). The fact that theoretical distributions fit at all 
suggests that such analyses could become an important forecasting tool in the future 
(Connor et al., 2006; Varley et al., 2006).
Extreme value statistics have been used in volcanology to forecast rare, extreme events 
instead of typical eruptive behaviour. An overview of this technique along with an as­
sessment of its potential importance is given by Coles and Sparks (2006). The duration 
analyses and forecasts of this study are intended to investigate typical eruption dura­
tions from the volcanoes studied. Where extreme value statistics have been applied 
to the volcanic systems considered here (i.e. Mulargia et al. (1985)) their results have 
been compared to the results of this study.
1.3 An introduction to the volcanic systems investigated 
in this study
The duration and repose analyses of this study are based on historic eruption data from 
Mt. Etna, Kilauea, Piton de la Foumaise (PdlF) and Iceland. The first three volcanoes 
were chosen based primarily on their highly active nature and good historical record 
where eruptions are often reported with both start and end dates. For similar reasons,
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the eruption records of these volcanoes have often been interrogated in the past, leading 
to a good understanding of their underlying patterns and trends (Tanguy, 1981; Klein, 
1982; Stieltjes and Moutou, 1989; Behncke and Neri, 2003; Branca and Del Carlo, 
2004; Peltier et al., 2009).
These three volcanic systems show similarities in the composition and physical prop­
erties of their erupted lavas, and as such have been compared in the past. Most notably, 
Aki and Ferrazzini (2001) compared eruption histories from these three volcanoes by 
modelling their eruption durations and erupted volumes. On the surface strong similar­
ities exist between Aki and Ferrazzini (2001) and the analyses of this thesis. However, 
the models involved are very different with Aki and Ferrazzini (2001) quantitatively 
modelling the plumbing system of the volcanoes and simulating the observed dura­
tion/volume relationships, whereas the models of this investigation are purely empiri­
cal. Furthermore, while the duration data of both investigations are based on published 
records, we have critically examined all available data to ensure that a single definition 
of eruption duration is used throughout.
Icelandic eruption durations have also been considered in response to the 2010 Eyjaf- 
jallajokull eruption and its wide reaching effects. The diverse volcanic activity dis­
played on Iceland and its robust historical record will be shown to provide insight into 
the duration of different types of eruptions and styles of activity.
The following subsections introduce each of these volcanoes and volcanic regions, 
providing information on their geology and tectonic setting and the general style of 
their volcanism. In each case previous investigations into their eruption histories are 
outlined.
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1.3.1 Mt. Etna
Mt. Etna, situated in Eastern Sicily, is a composite volcano with a shape transitional 
between a stratovolcano and shield volcano (Duncan et al., 1981; Proietti et al., 2011) 
(Fig. 1.1). Activity at Mt. Etna is primarily effusive, consisting of slightly evolved 
Hawaiite lavas which are chemically rather uniform, with the fractionation of mafic 
phases causing only slight variations (Armienti et al., 1989; Salvi et al., 2006). His­
torically, two types of volcanic activity have been recognised at Mt. Etna: persistent 
activity from the summit vents and periodic activity from eruptive fissures on the vol­
cano’s flanks (Guest and Murray, 1979; Duncan et al., 1981; Acocella and Neri, 2003; 
Behncke and Neri, 2003; Branca and Del Carlo, 2005; Crisci et al., 2010). For reasons 
discussed in Chapter 3 only the flank eruption data for the period 1300 to 2010 are 
investigated here.
As the most active volcano in Europe, Mt. Etna is one of the most widely studied and 
documented volcanoes in the world (Andronico and Lodato, 2005). Hazard studies 
of Mt Etna began in the late 1970’s and early 1980’s focussing on patterns in historic 
eruptions and predicting the location of future activity (Frazzetta and Romano, 1978; 
Guest and Murray, 1979; Duncan et al., 1981). Since then numerous studies have 
built on that work by analysing catalogues of historic eruptions (Mulargia et al., 1985; 
Behncke and Neri, 2003; Branca and Del Carlo, 2004, 2005; Salvi et al., 2006; Neri 
et al., 2011; Smethurst et al., 2009; Passarelli et al., 2010; Proietti et al., 2011) and 
producing susceptibility and probabilistic hazard maps of surrounding areas (Andron­
ico and Lodato, 2005; Bisson et al., 2009; Behncke et al., 2005; Crisci et al., 2010; 
Harris et al., 2011; Cappello et al., 2012, 2013). Such extensive historical records and 
wealth of previous investigations make it an ideal candidate for this type of investi­
gation. The following two sections will outline the key findings within these previous 
investigations with particular emphasis on results pertaining to flank eruption durations 
or repose intervals between successive flank eruptions at Mt. Etna.
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Fig. 1.1 Sketch map of Mt. Etna showing the location of Mt. Etna and its principle 
features including the Valle de Bove (VDB) and the approximate position of the North- 
East, West and South Rift Zones as indicated by vent densities in Duncan et al. (1981). 
Map based on that within Chester et al. (2012), contours are displayed in metres above 
sea level
Previously recognised patterns and trends in eruptive activity at Mt. Etna
Previous attempts have been made to suggest that Mt. Etna’s activity is cyclic and both 
century scale and decade scale cycles have been proposed in the past. This notion was 
first suggested by Imbo (1928) who used apparent clusters in eruption frequency and 
location to define patterns in eruptive activity. Since then Behncke and Neri (2003) 
identified five cycles between 1865 and 2002, each starting with low-level activity, fol­
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lowed by nearly continuous summit activity and ending with a series of flank eruptions 
of which the last is the most voluminous. However, such analyses suffer from a lack of 
detail regarding intra-crater Strombolian activity leading to a very subjective definition 
of repose period and thus an inconsistent definition of eruptive cycles in the literature 
(Chester et al., 1985; Branca and Del Carlo, 2005).
The evidence for longer-term, century scale cycles at Mt. Etna is stronger. A sharp 
drop in productivity and in lava phenocryst content following 1669 have been recog­
nised and linked to the draining of a shallow magma chamber during the 1669 eruption 
(Hughes et al., 1990; Patane et al., 2003; Behncke and Neri, 2003). While a magma 
reservoir at Mt. Etna akin to that prior to 1669 has not been re-established since, 
a gradual increase in eruption frequency, output rate and magma accumulation has 
been identified in recent years (Behncke and Neri, 2003; Patane et al., 2003; Allard 
et al., 2006). This pattern has been interpreted as a century scale cycle with the large 
eruptions reported for the period 1600-1669 representing the culminating phase of the 
previous cycle (Behncke and Neri, 2003). Although the basis of this interpretation is 
physical evidence, the term cycle implies a repeating pattern, however, for Mt. Etna 
this notion is based on the recognition of a single ‘cycle’. For these reasons the current 
investigation does not consider eruptive activity at Mt. Etna to be cyclic, but previously 
recognised trends in productivity and output rate are considered along with the physi­
cal properties to which they are attributed (Wadge et al., 1975; Wadge, 1981; Hughes 
et al., 1990; Behncke and Neri, 2003; Branca and Del Carlo, 2004; Andronico and 
Lodato, 2005; Behncke et al., 2005; Branca and Del Carlo, 2005; Salvi et al., 2006; 
Bebbington, 2013; Cappello et al., 2013).
Previous investigations into eruption durations and repose intervals at Mt. Etna
Wickman (1966) took advantage of Mt. Etna’s extensive historical record and used it 
to highlight the potential use of repose data as a tool for forecasting future eruption
10
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onsets. The results of this early investigation are compared to those derived in the 
current study (Chapter 6). Since then numerous studies have developed this theory. 
Mulargia et al. (1985) applied extreme value statistics to flank eruption data to estimate 
the probability of a major eruption (> 150 x l06m3 or > 500 days) occurring within 
different time intervals.
Although rare, specific analyses of eruption durations at Mt. Etna have highlighted 
a strong correlation between flank eruption duration and volume at Mt. Etna (Mu­
largia et al., 1985; Andronico and Lodato, 2005; Proietti et al., 2011). Proietti et al. 
(2011) defined six classes of eruption based on this relationship and Mulargia et al. 
(1985) proposed that eruption duration provides a good estimate of eruption magni­
tude (where magnitude is volume output). Variations in both of these parameters with 
time have been investigated by Andronico and Lodato (2005), who identified an in­
crease in both median duration and the volume of lava erupted during flank eruptions 
after 1971.
1.3.2 Kilauea
Kilauea is the south-easternmost of five large shield volcanoes whose activity has 
formed the island of Hawaii, in the Hawaiian Island Chain (Eaton, 1962; Moore et al., 
1980; Peterson and Moore, 1987). It consists of a summit region dominated by a 
caldera of 3-5 km in size and elongate topographic ridges, forming the East and South- 
West Rift Zones (ERZ and SWRZ, respectively) (Eaton, 1962; Moore et al., 1980; Hill 
and Zucca, 1987; Holcomb, 1987; Peterson and Moore, 1987) (Fig. 1.2). Rift zone 
eruptions begin as a line of fissures that quickly become focussed on a single vent 
(Holcomb, 1987; Klein, 1982). Summit deflations and drops in summit lava lake lev­
els often accompany rift zone eruptions, indicating a close association between summit 
and rift activity at Kilauea (Wolfe et al., 1987; Tilling and Dvorak, 1993). In terms of
11
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an eruptive model, this relationship has been used to propose that rift eruptions derive 
from magma which has travelled laterally from the shallow summit reservoir (Hol­
comb, 1987; Tilling and Dvorak, 1993; Cayol et al., 2000). Geochemically erupted 
products of Kilauea are tholeiitic basalt, differing from one another in their olivine 
content (Eaton, 1962).
Previous analyses of Kilauea’s eruptive history
The highly active nature of Kilauea and the accessibility of its eruptions has made it 
the basis of many volcanological investigations (Eaton, 1962). It has been intensively 
studied, and is an ideal candidate for further studies of magma movement and eruption 
dynamics driven both from its historic eruption record and monitoring information 
(Klein, 1982; Tilling and Dvorak, 1993).
Eruption frequency and type at Kilauea has changed through time over the interval of 
decades to centuries Holcomb (1987). While some changes have been repeated over 
long intervals others have occurred in evolutionary sequences (Holcomb, 1987). The 
most widely recognised pattern in eruptive behaviour at Kilauea is the sympathetic 
behaviour between summit and flank activity, where heightened activity in one region 
tends to result in decreased activity at the other (Holcomb, 1987). Statistical analyses 
performed by Klein (1982) also found evidence of this relationship, as well as noting 
that the longest periods of repose at Kilauea correlate well with heightened activity at 
Mauna Loa, and vice versa. Other results indicate that future eruptions at Kilauea are 
largely independent of the date that the last eruption occurred, with the only excep­
tion being large volume-eruptions which are often followed by long periods of repose 
(Klein, 1982).
12
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The extensive historical record of Kilauea led to Wright (2008) defining three types 
of eruptions. The most common of these are short duration rift eruptions which are 
followed by several months of quiescence before new eruptions begin on a different 
part of the rift zone. The second are episodic eruptions, characterised by a return to the 
same vent following repose of days to weeks with the entire eruptive sequence lasting 
weeks to years. Finally, sustained eruptions occur at Kilauea marked by uninterrupted 
activity at single vents lasting for months to years. Holcomb (1987) also considered 
eruption durations and suggested that eruptions from Kilauea’s rift zones are often 
briefer than those from the summit caldera.
1.3.3 Piton de la Foumaise
Piton de la Foumaise (PdlF) is an intra-plate basaltic shield volcano built upon the 
flank of two inactive volcanoes: Piton de Neiges and Les Alizes situated on Reunion 
Island (Indian Ocean) (Lenat et al., 2012; Schmid et al., 2012) (Fig. 1.3). The summit 
caldera is an 8 km wide collapse depression (Enclos Fouque caldera), within which 
the principal intra-caldera vent exists as a shield volcano with two smaller craters at 
its summit; Dolomieu and Bory (Stieltjes and Moutou, 1989; Peltier et al., 2009) (Fig. 
1.3). The caldera is connected to a down-faulted trough to the East which extends to 
the coast (Stieltjes and Moutou, 1989; Peltier et al., 2009). Although the majority of 
historic activity occurred within the Enclos Fouque caldera, three rift zones are iden­
tified on PdlF (Stieltjes and Moutou, 1989; Peltier et al., 2009; Schmid et al., 2012). 
The North-Western Rift Zone contains localised cinder ridges and cones, while the 
North-Eastern and South-Eastern Rift Zones form broad, tapering ridges that extend 
well below sea level (Stieltjes and Moutou, 1989) (Fig. 1.3).
PdlF is one of the most active volcanoes in the world, having erupted on average once 
per year over the past 100 years (Stieltjes and Moutou, 1989; Boivin and Bachelery,
14
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Fig. 1.3 Sketch map of PdlF showing its location (Inset) and principle features (main), 
including the extent of the NW, NE and SE Rift Zones. Colours are used to show the 
extent of regions described as summit, proximal and distal in this study. Map based on 
those within Albarede et al. (1997) and Peltier et al. (2009)
2009; Peltier et al., 2009). Its extensive eruptive record dates back to 1644 and contains 
over 200 recorded events (Stieltjes and Moutou, 1989). Geophysical and geochemical 
measurements accompany the eruption record for PdlF since 1980, when the Observa- 
toire Volcanlogique was established (Peltier et al., 2009; Schmid et al., 2012). Geo- 
chemically erupted lavas at PdlF are transitional between alkalic and tholeiitic basalts 
(Albarede et al., 1997; Lenat et al., 2012), containing 42 - 49 wt % S i0 2 with viscosi­
ties of 102 Pa.s (Grasso and Bachelery, 1995).
Previous analyses of PdlF’s eruptive history
Stieltjes and Moutou (1989) performed statistical analyses on eruption durations from 
PdlF (1844-1985) and conclude that eruptions are generally short, with 88 % lasting
15
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< 2 months and 25 % lasting only 1 to 2 days. They also investigated the relation­
ship between eruption duration and repose interval, finding that with the exception of 
very short events, eruption duration has a direct effect on the following repose interval 
(with short repose intervals (< 2 months) often following eruptions of < 1 month du­
ration) but that the duration of repose does not influence the duration of a succeeding 
eruption.
Previous investigations have recognised eruptive cycles at PdlE Ludden (1977) recog­
nised large outbursts of oceanitic lava every 20-40 years, and Stieltjes and Moutou 
(1989) identify 3 major cycles in the period 1931-1981, each starting with one of these 
eruptions (1931-1960,1961-1976 and 1977-continuing in 1981). Stieltjes and Moutou 
(1989) use relationships between the volume of magma erupted and the duration of 
activity and inactive periods to conclude that these decade-long cycles relate to the 
refilling of a magma reservoir at intermediate depth (5-10 km). Peltier et al. (2009) 
focussed on more recent activity at PdlF (1972-2007) and noted a change in eruptive 
behaviour for the period 2000-2007. During this time they recognised 5 eruptive cycles 
each ending in a large distal eruption of oceanite lava and conclude that this change 
represents a switch from a period characterised by progressive draining of a shallow 
magma reservoir, with occasional recharge (1972-1992), to one of continuous recharge 
from a deeper source (2000-2007).
1.3.4 Iceland
Iceland forms the sub-aerial portion of the spreading plate boundary between the 
American and Eurasian plates in the North Atlantic Ocean (Thordarson and Larsen, 
2007; Thordarson and Hoskuldsson, 2008). The Iceland basalt plateau is a manifesta­
tion of this divergent tectonic setting and its interaction with the Iceland mantle plume 
(Oladottir et al., 2008; Thordarson and Hoskuldsson, 2008). The current position of
16
CHAPTER 1. INTRODUCTION
this plume is believed to be beneath the Bardarbunga, Grfmsvotn and Kverkfjoll vol­
canic systems in central-eastern Iceland (Bjomsson, 1985; Gudmundsson, 2000; Thor­
darson and Larsen, 2007; Thordarson and Hoskuldsson, 2008) (Fig. 1.4). As a result 
of this complex geological setting volcanism on Iceland is diverse and has experiences 
almost all known eruption types and styles on Earth (Thordarson and Larsen, 2007; 
Thordarson and Hoskuldsson, 2008).
The superposition of the spreading plate boundary over the mantle plume causes vol­
canism to be distributed in discrete belts of active faulting and volcanism (Gudmunds­
son, 2000; Thordarson and Larsen, 2007; Oladottir et al., 2011). The most prominent 
of these is the axial rift zone, which marks the loci of active spreading and follows 
the divergent plate boundary across Iceland (Bjomsson, 1985; Thordarson and Larsen,
2007) (Fig. 1.4 shaded pink). Electrical resistivity measurements of the Icelandic 
crust have identified a variable crustal thickness which is thinnest beneath the axial 
rift zone in the north-east and south-west (8-10 km). The crust thickens with age, so 
that regions away from the axial rift and also with increasing distance from the mantle 
plume are thicker, reaching 20-30 km thick in older (Tertiary) areas (Bjomsson, 1985,
2008).
Previous studies of Icelandic volcanism have used petrological and volcano-tectonic 
evidence to identify 30 volcanic systems, each consisting of a fissure/dyke swarm, cen­
tral volcano or both (Fig. 1.4) (Jakobsson, 1979; Thordarson and Self, 1993; Larsen, 
1999; Gudmundsson, 2000; Oladottir et al., 2008; Thordarson and Larsen, 2007; Thor­
darson and Hoskuldsson, 2008; Siebert et al., 2010). In general the central volcanoes 
are responsible for the more intermediate to acidic lavas on Iceland, attributed to the 
presence of shallow magma chambers within them (Bjomsson, 1985; Gudmundsson, 
2000). In contrast, eruptions from their associated fissure swarms erupt basaltic lavas 
only (Bjomsson, 1985; Gudmundsson, 2000).
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Fig. 1.4 Sketch map of Iceland showing the position of the axial rift and 30 volcanic 
systems (modified from Thordarson and Larsen (2007) and Thordarson and Hoskulds­
son (2008)). Blue volcanic systems are those with historic eruption durations used in 
this study
Volcanic systems on Iceland and previous investigations into their eruptive his­
tory
Written documentation and the ice-record of Iceland results in an eruption history that 
is robust and has been extensively studied in the past (Larsen, 2002). Thordarson and
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Larsen (2007) stated that of the 205 events documented, 172 are verified by deposit 
analysis in the field and 159 are single eruptions with classified eruption styles. This 
high eruption frequency makes Iceland one of the most historically active sub-aerial 
volcanic regions on Earth (Thordarson and Larsen, 2007; Oladottir et al., 2011). In 
terms of general volcanic activity an average of 20 eruptions per century, or an eruption 
every ~  5 years has been calculated (Thoraiinsson, 1979; Thordarson and Hoskulds- 
son, 2008; Oladottir et al., 2011). The frequency of eruptions is, however, not constant 
and a long term trend with a periodicity of 140 years has been noted in eruption fre­
quency with 40-80 years of high eruption frequency followed by a similar duration of 
low eruption frequency (Larsen, 2002; Thordarson and Larsen, 2007).
Eight Icelandic volcanic systems have erupted historically and have reliable docu­
mented eruption durations, forming the basis of the Iceland investigations of this study 
(Chapter 3). These are Vestmannaeyjar, Eyjafjallajokull, Katla, Hekla, Grfmsvotn, 
Krafla, Askja and Oraefajokull (systems 12, 13, 14, 16, 19, 21, 23 and 25, Fig. 1.4 
respectively). Each volcanic system has its own volcanic architecture driving its own 
style of volcanism. Ideally, investigations of Icelandic volcanism should be conducted 
on a volcano specific level, however, some volcanic systems have a more complete his­
toric eruption record than others. As a result a more general approach to the volcanism 
on Iceland is adopted for the majority of this investigation. While the intricacies of this 
are discussed in more detail in Chapter 3, general features of the volcanic systems and 
their volcanism are introduced below.
Broadly speaking Icelandic volcanic systems can be split into two groups, based on 
the stress regimes that they are subjected to (Bjomsson, 1985). Extensional stresses 
dominate the active rift region of Iceland, and volcanic systems there (Askja, Krafla 
and Grfmsvotn) tend to have well developed fissure swarms consisting of tensional 
fractures and normal faults (Bjomsson, 1985; Gudmundsson, 2000). Spreading and 
rifting is not uniform in time or space, resulting in periods of intense rifting confined
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to a single volcanic system (e.g. Grfmsvotn: Laki 1783-1784, Krafla: 1724-1729 and 
1975-1984 and Askja: 1874-1875 and 1921-1929). Bjomsson (1977) investigated the 
historic records of Krafla and demonstrated that these periods of episodic rifting occur 
at the Krafla region every 100-150 years.
The off-rift volcanic systems considered in this study are Vestmannaeyjar, Eyjafjalla­
jokull, Katla, Hekla and Oraefajokull and are responsible for some of the most notable 
historic emptions on Iceland. The initially sub-marine volcanism of Vestmannaeyjar 
formed the basaltic island of Surtsey 1963-1967 and the dramatic emptions of Heimaey 
in 1973 (Jakobsson, 1979; Thordarson and Sigmarsson, 2009), while the largest known 
eruption from Katla is the 934-938 AD Eldgjd flood lava which is the greatest vol­
canic pollution event in historical times (Thordarson and Larsen, 2007; Oladottir et al.,
2008). Most recently the 2010 emptions of Eyjafjallajokull caused major disruption 
across Europe due to the large quantities of volcanic ash it generated (Gudmundsson 
et al., 2010, 2012).
The reduced extensional stresses acting on these regions result in systems with larger 
central volcanoes and smaller associated fissure swarms than those situated within 
the active rift (Thordarson and Larsen, 2007). Volcanism displayed by these sys­
tems shows greater variation in both eruption style and the geochemistry of erupted 
products. In contrast to the tholeiitic basalt emptions of inside rift volcanoes, off-rift 
volcanism tends to have empted products with higher S i02 content. For example, Orae­
fajokull empted rhyolitic tephra during its 1362 Plinian emption (Thorarinsson, 1958; 
Selbekk and Trpnnes, 2007; Thordarson and Larsen, 2007). The other off-rift volcanic 
systems investigated here form part of the eastern volcanic zone, which represents the 
early stages of axial rifting. While emptions from Vestmannaeyjar have an alkalic 
nature the other volcanic systems in this region are more transitional.
For Iceland the historical emption record of Hekla is unusually complete (Gronvold 
et al., 1983; Thorarinsson, 1967a; Gudmundsson et al., 1992), containing 23 doc­
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umented eruptions since its first historic eruption in 1104 (Thordarson and Larsen, 
2007). Such detailed historical records have made Hekla the subject of numerous stud­
ies. Thordarson and Larsen (2007) described the majority of eruptions from Hekla 
as mixed eruptions due to their initial Plinian phase which transitions into an effusive 
phase with time. A decrease in the silica content of products erupted during the ini­
tial phase of these eruptions has been noted with time, so that material erupted in the 
initial explosive phase can have signatures indicative of rhyolites while later products 
have that of basaltic andesites (borarinsson, 1954; Thorarinsson, 1967a; borarinsson, 
1976; Sigmarsson et al., 1991; Gudmundsson et al., 1992; Olafsdottir et al., 2002). 
Further relationships between the volume and chemistry of an eruption and the length 
of preceding repose have been found and used to indicate evidence of a large magma 
chamber existing beneath the Hekla central volcano (Jakobsson, 1979).
1.4 Thesis structure
Chapter 2 introduces the methods used throughout this investigation, including impor­
tant considerations when defining eruption duration and the statistics behind the anal­
yses and forecasts of future chapters. Chapter 3 presents the eruption duration datasets 
compiled specifically for this study and Chapter 4 investigates temporal and spatial 
variations within these data. The empirical probabilistic model outlined in Chapter 2 
is then used to forecast the duration of future (and on-going) eruptions at each volcanic 
system in Chapter 5.
Although the main aim of this investigation is to further understanding on eruption 
durations, the empirical probabilistic model is versatile and can be adapted to other 
duration types or volcanoes. Chapter 6 demonstrates this and considers the application 
of this model to repose interval data and, where possible, compares the results obtained 
to those of previous investigations.
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Finally Chapter 7 investigates possible controls on eruption duration by assessing re­
lationships between the eruption duration regimes identified in Chapter 4 and their as­
sociated repose interval, erupted volume and average eruption rate data. This chapter 
concludes the work of this PhD and includes ideas for further work.
The appendices of this thesis include a brief section about each volcanic eruption con­
sidered for use in this study, including information regarding their eruption start and 
end dates, durations and location. These outline the reasons behind any uncertainty 
assignments made in Chapter 3 and should be referred to for any queries regarding the 
duration of individual eruptions used within this study.
22
Chapter 2
Methods
Photograph: L. Gunn
Soufrifere Hills, M ontserrat, 2 0 1 0
2.1 Dataset compilation
2.1.1 Defining eruption duration
The duration of a volcanic eruption can be defined as the period of time when fresh 
volcanic material is being emitted at the Earth’s surface. Here we consider a period of 
continuous magma discharge as the basic building block of an eruption, where magma 
discharge included lava, and ash but not persistent degassing. The definition of erup­
tion duration with respect to lava lake existence is complex and affects the Kilauea 
dataset of this investigation. It is therefore covered in detail in section 3.2.2.
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The intensity of volcanic activity during an eruption is rarely constant. More often, 
discrete phases of heightened activity separated by periods of surface quiescence last­
ing hours or days can be observed (Simian 1993; Siebert et al. 2010). An argument 
could be made that each phase constitutes a separate eruption, however, given the na­
ture of historical records it is unrealistic to assume that we have information about 
every quiescent period that occurred during every eruption in this study.
The Smithsonian Institution’s Global Volcanism Program considers eruptive phases 
separated by periods of quiescence of less than 3 months as the same eruption, unless 
there are significant reasons to treat them as distinct events (Venzke et al. 2013; Siebert 
et al. 2010). This is an arbitrary value, chosen as a sensible cut off for a global dataset 
of historic volcanic eruptions, however, in reality, the degree and duration of a quies­
cent pause required to warrant grouping a series of eruptive phases as one eruption, or 
splitting a series of eruptive phases into more than one eruption, is likely to depend on 
local circumstances. A three month classification could greatly increase the duration of 
successions of short duration eruptions making them appear as a single long duration 
eruption.
Furthermore, this study focusses on the duration of volcanic eruptions with the aim 
of making probabilistic forecasts regarding the duration of future eruptions. In terms 
of the model’s real-life application three months is a relatively long length of time 
following a basaltic, effusive eruption before regarding it as finished and it is likely 
that surrounding populations would consider the eruption finished before three months 
has passed. Instead, this threshold is reduced to 10 days and we consider any non- 
eruptive period of <  10 days during an eruption as not significant enough to warrant 
treating the activity either side of it as independent eruptions. This threshold is largely 
arbitrary, although to some extent is based on the resolution of the data available for the 
volcanic systems investigated in this study. It is worth noting that where sequences of 
eruptions are recognised separate analyses on the total duration of eruptive sequences
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are performed.
2.1.2 Dealing with individual eruption duration uncertainty
An ideal dataset of historic eruption durations would contain information regarding 
eruption start and end date to the nearest minute or second allowing a precise duration 
to be calculated. However, such high resolution data requires a level of monitoring that 
is unrealistic, especially in remote areas and early in the historical record. As a result 
a means of assessing and assigning the uncertainty in the duration of an eruption is 
required, ensuring that all eruptions in this study are treated equally.
Two types of uncertainty have been identified: resolution-derived uncertainty and 
literature-derived uncertainty. In both cases uncertainty can surround both the start 
and end date of an eruption, therefore the assigned uncertainties are often asymmetri­
cal. The majority of the analyses within this study use the preferred eruption duration 
data, considering the uncertainty negligible. Section 4.1, investigates the validity of 
this assumption and uses the uncertainty data which results in the largest deviation 
from the preferred duration of each eruption. As a result the asymmetric uncertainty, 
inherent to some eruptions, is not used an any analyses.
Resolution-derived uncertainty
Resolution-derived uncertainty applies to all eruptions and is especially important for 
eruption dates that are only reported to the nearest month or year. Here a date was 
assigned along with a number of days uncertainty, according to the method adopted 
by Bebbington and Lai (1996) and Benoit and McNutt (1996) (Table 2.1). Sometimes, 
despite the start and/or end date of an eruption only being known to the nearest month, 
slightly more qualitative information is provided indicating that it was ‘early’, ‘mid’
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or ‘late’ in that month. Again the method of Benoit and McNutt (1996), summarised 
in Table 2.1, was applied.
Table 2.1: Table of assigned dates and uncertainties
Start and/or End 
Reporting Date Uncertainty (days)
Nearest hour - +/- 0.02
Nearest day - +/- 0.5
Nearest month 15/mm/yyyy +/- 15
Nearest year 01/07/yyyy +/- 182.5
‘Early’ month 05/mm/yyyy +/- 5
'Mid' month 15/mm/yyyy +/- 5
‘Late’ month 25/mm/yyyy +/- 5
mm = Reported month, yyyy = Reported year
The majority of eruption durations considered in this study are known to the nearest 
day and Fig. 2.1a uses a hypothetical eruption to demonstrate the importance of as­
signing a duration uncertainty to eruptions with this resolution of reporting. It is worth 
noting that when an eruption is reported as starting and ending on the same day its pre­
ferred eruption duration is reported as 0.5 days and is treated according to the ‘nearest 
hour’ category of Table 2.1.
Literature-derived uncertainty
Literature-derived uncertainty results from contradictory reporting of eruption start 
and/or end dates in the existing literature. This is largely a result of differing inter­
pretations of what constitutes an eruption, and in particular whether an eruption is the 
continuation of a previous one or a new eruption in its own right (Bebbington, 2013; 
Wang and Bebbington, 2013). Furthermore, some studies only report eruption start 
dates and durations (e.g. Mulargia et al. (1985)) and depending on the method used 
to calculate eruption duration this could lead to different end dates being derived. For
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(a) R e s o lu t io n -d e r iv e d  u n c er ta in ty :
Nearest day 
reporting
Shortest
possibility
Longest
possibility
Uncertainty
assignment
4  Eruption duration -►[ |
5 May k 5 days-----------n 10 May
t = 23:00 14----98 hrs/4.1 days * t = 01:00
t = 01:00 M----118 hrs/5.9 days— h t = 23:00
5 May * £-| d M 5 days ± 1 day h 10 May * J
(b ) L itera tu re -d er iv ed  u n c er ta in ty :
P> M---------Eruption duration-------- ► | |
Preferred dates 5  May m---------- 5  days-----------m 10 May
Alternative start
date 4 May
Alternative end 9 May
date
Lonqest
possibility 4 May » 6 days---------- « 10 May
Shortest 5  May M---------- 4 days---------- h 9  May
possibility
assignment 5  ^  ± 1'5 da^  f 0  May -
Fig. 2.1 Diagram explaining how (a) resolution-derived uncertainties and (b) literature- 
derived uncertainties are assigned
example an eruption starting on one day and ending on the following day could be 
considered to have either a 1 day duration (this study) or a 2 day duration. Regardless 
of how the contradictory information in the literature was generated, some degree of 
uncertainty needs to be applied.
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Where contradictory reporting exists the eruption start and end dates that are reported 
most frequently or from the most reputable source are used as the eruption’s preferred 
start and end dates. The duration between these dates is then considered the preferred 
eruption duration. Fig. 2.1b demonstrates how literature-derived uncertainty is applied 
to a hypothetical eruption which has an alternative start and an alternative end date 
reported. Using these alternative start and end dates the shortest and longest possible 
eruption duration can be calculated (in this case, 4 and 6 days respectively) and the 
range of durations which need to be covered by the literature-derived uncertainty are 
identified. Duration uncertainty values are then assigned to the dates that they apply 
to (e.g. + 1 day to the eruption start date and - 1 day to the eruption end date (blue 
values in Fig. 2.1b). The precise times of day that the eruption started and ended are 
still unknown and therefore resolution-derived uncertainty still exists and is assigned 
for the aspects of the eruption start and end dates that are not affected by the literature- 
derived uncertainty (red values in Fig. 2.1b). The duration of this eruption would 
therefore be reported as 5 days ± 1 .5  days.
Uncertainty thresholds: How uncertain is too uncertain?
Some degree of uncertainty is acceptable for all data, however an uncertainty threshold 
above which the eruption duration is considered too uncertain for this study needed to 
be decided. In general any eruption carrying a duration uncertainty of greater than 50 
% of its total preferred eruption duration is excluded from the study. However, erup­
tions with ‘nearest day’ resolution data automatically carry a duration uncertainty of ±  
1 day as a result of resolution-derived uncertainty (Fig. 2.1a). Therefore eruptions with 
preferred durations of 1 day always carry a duration uncertainty of 100 %. In addition 
to this, eruptions with preferred durations of 2 days carry 50 % duration uncertain­
ties and thus any additional literature-derived uncertainty will render the eruption too 
uncertain. In these circumstances the uncertainty threshold is increased and 2 day
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eruptions can carry maximum duration uncertainties of 75 % (allowing either the start 
or end date of the eruption to carry a 1 day literature-derived uncertainty) while 1 day 
eruptions are included with their 100 % uncertainty. These uncertainty thresholds are 
summarised in Table 2.2.
Table 2.2: Table of uncertainty thresholds above which eruption durations are considered too 
uncertain and excluded from the study
Preferred Duration U/C Hypothetical
Duration as % Example
1 day 100% 1 day ±  1 day
2 days 75% 2 days ± 1 . 5  days
> 2 days 50% 5 days ±  2.5 days
U/C = Uncertainty
The uncertainties discussed above relate to individual eruptions within a dataset, how­
ever, the analyses within this study often focus on entire distributions of eruption dura­
tion. To ensure the overall distribution of eruption durations is not altered too greatly 
by the individual uncertainties that they contain the distribution of preferred eruption 
duration is compared to the distributions of maximum and minimum possible erup­
tion duration when the uncertainties are taken into consideration. This process and the 
results are discussed in Chapter 4.
2.2 Survivor function analysis
Survival analysis was first employed as a method of costing insurance premiums and 
is now commonly used to answer medical and engineering problems (Machin et al., 
2006). For example medical applications enable the user to determine the time till 
death following cancer tumour removal or the time a patient is pain-free following 
different osteoarthritis treatments. Here the ‘time’ of interest is triggered by an event 
(tumour removal or osteoarthritis treatment) and ended by a subsequent event (death 
or the return of osteoarthritis pain). The time between the two events is known as
29
CHAPTER 2. METHODS
the survival time (Machin et al., 2006). This study uses the same procedure as these 
medical examples, except the initial event is the eruption onset and the subsequent 
event is the eruption end date giving a number of days between the two which is the 
eruption duration, or the survival time.
A dataset of Vulcanian explosions at Soufriere Hills Volcano, Montserrat is taken from 
Druitt et al. (2002) and used to illustrate these methods and to familiarise the reader 
with graphs and tables commonly used within this thesis. The data are reproduced 
in Table 2.3 which includes the start date and time of 75 explosions from the period 
September - October 1997. From this the repose interval between the explosions has 
been calculated and, due to the nature of the dataset, can be considered to contain 
negligible uncertainties. Where these data are used in this chapter it is analogous to 
eruption duration or repose interval in the remainder of the thesis.
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Table 2.3: List of the times of Vulcanian explosions at Soufriere Hills Volcano (Druitt et al., 
2002)
Date Local
Time
Interval
(hours)
Date Local
Time
Interval
(hours)
22/09/1997 00:57 04/10/1997 08:33 9.72
22/09/1997 10:45 9.8 04/10/1997 18:27 9.9
22/09/1997 20:42 9.95 05/10/1997 02:53 8.43
23/09/1997 07:23 10.68 05/10/1997 10:41 7.8
24/09/1997 00:34 17.18 05/10/1997 18:41 8
24/09/1997 10:54 10.03 06/10/1997 02:44 8.05
24/09/1997 17:16 6.37 06/10/1997 10:42 7.97
25/09/1997 03:54 10.63 06/10/1997 17:50 7.13
25/09/1997 11:09 7.25 07/10/1997 04:06 10.27
25/09/1997 20:05 8.93 07/10/1997 16:02 11.93
26/09/1997 04:25 8.03 08/10/1997 03:47 11.75
26/09/1997 14:56 10.52 08/10/1997 15:10 11.38
27/09/1997 00:01 9.08 09/10/1997 03:03 11.88
27/09/1997 09:46 9.75 09/10/1997 12:32 9.48
27/09/1997 17:15 7.48 10/10/1997 04:13 15.68
28/09/1997 04:28 11.22 10/10/1997 18:40 14.45
28/09/1997 10:34 6.1 11/10/1997 17:57 23.28
28/09/1997 23:03 12.48 12/10/1997 07:55 13.97
29/09/1997 06:26 7.38 12/10/1997 22:24 14.48
29/09/1997 11:23 4.95 13/10/1997 09:32 11.13
29/09/1997 16:48 5.42 13/10/1997 15:24 5.87
29/09/1997 21:57 5.15 14/10/1997 01:36 10.2
30/09/1997 04:43 6.77 14/10/1997 13:48 12.2
30/09/1997 17:44 13.02 14/10/1997 23:16 9.47
01/10/1997 05:00 11.27 15/10/1997 05:47 6.52
01/10/1997 11:34 6.57 15/10/1997 08:33 2.77
01/10/1997 17:40 6.1 15/10/1997 14:50 6.28
02/10/1997 01:05 7.42 15/10/1997 22:20 7.05
02/10/1997 12:53 11.8 16/10/1997 02:51 4.52
02/10/1997 22:50 9.95 16/10/1997 06:35 3.73
Continued on next page...
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Table 2.3 -  Continued
Date Local
Time
Interval
(hours)
Date Local
Time
Interval
(hours)
16/10/1997 09:44 3.15 18/10/1997 15:17 8.48
16/10/1997 14:20 4.6 19/10/1997 05:13 13.93
16/10/1997 18:48 4.47 19/10/1997 21:27 16.23
17/10/1997 04:01 9.22 20/10/1997 05:04 7.62
17/10/1997 12:35 8.57 20/10/1997 15:13 10.15
17/10/1997 16:05 3.05 21/10/1997 11:39 20.43
17/10/1997 23:18 7.22 21/10/1997 19:02 7.38
18/10/1997 06:48 7.05
2.2.1 Survival analysis in volcanology
Survival analysis is not new to volcanology and has been used to assess eruption time 
series data in the past. Connor et al. (2003) previously applied survival analysis style 
probabilistic models to the example data used in this study (Druitt et al., 2002) and 
more recently Connor et al. (2006) applied similar models to repose interval data on 
global explosive eruptions of varying sizes (VEI 4 to 7). Dzierma and Wehrmann 
(2010) also used survival analysis to investigate repose interval data from Villarica 
and Llaima volcanoes, Chile. In all three investigations exponential, Weibull and log- 
logistic distributions are fitted to the observed repose data and survival analysis used 
to make probabilistic forecasts of future events.
Strong similarities exist between the methods used in the three highlighted investiga­
tions and those of this study. A key, yet obvious, difference is the actual event being 
forecast. Although repose intervals are investigated in Chapter 6, the aim of this PhD is 
to investigate and forecast eruption duration. Furthermore, the style of activity investi­
gated in Connor et al. (2003), Connor et al. (2006) and Dzierma and Wehrmann (2010)
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are generally more explosive than the eruptions investigated in this study. As such, the 
analysed volcanic systems are very different. Furthermore, subtle differences include 
the use of maximum likelihood to estimate unknown parameter values of theoretical 
distributions, the additional testing of a Burr type XII distribution and the modification 
of the model to answer three different forecasting questions.
2.2.2 Calculating empirical survivor functions
The duration of a volcanic eruption or the duration of a period of repose between erup­
tions can be considered a type of survival time measurement. The empirical survivor 
function of the observed data can be calculated and used to illustrate the survival ex­
perience of the data (Machin et al., 2006). It is calculated by first placing the observed 
durations of interest (a;*) in rank order so that xi  <  x 2 <  . . .  <  x ^  where N  is the total 
number of observations. The empirical survivor function (Fn(xi)) is then calculated 
for each duration interval (xi) using equation 2.1.
N - i
Fn(Xi) = - j r , 2 =  1 , . . . ,  N.  (2.1)
Empirical survivor function curves are produced when the empirical survivor func­
tion is plotted against duration (a;) and it provides a useful summary of the data. The 
estimated survival curve remains at a plateau between successive durations and it is 
therefore plotted as a step function and not a smooth curve (Machin et al., 2006). Typ­
ically these curves have an inverse ’S’ shape when plotted, as throughout this thesis, 
on a log scale, with shallow gradient distribution tails representing rarer events with 
unusually long or short durations and a steeper central portion where the majority of 
the data plot. Fig. 2.2 shows the empirical survivor function curve for the data of Table 
2.3.
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Fig. 2.2 Empirical survivor function curve for repose intervals between Vulcanian ex­
plosions at Soufriere Hills Volcano, Montserrat (data from Table 2.3)
2.2.3 Comparing empirical survivor functions
Throughout this study the distribution of eruption durations from different time peri­
ods, regions etc. are compared to investigate reporting biases or any factors that may be 
controlling eruption duration. Although visual differences between eruption duration 
distributions may be identified, significance tests are used to determine if it is conceiv­
able that they derived from different distributions entirely. This study uses Mantel- 
Haenszel Logrank tests, Mann-Whitney tests and t -tests to compare sub-datasets (or 
’groups’) in pairs. In each case the thresholds used are similar to that of Klein (1982), 
whereby p-values of < 0.05 indicate significant differences between the two distribu­
tions, p-values of 0.05-0.1 indicate moderately significant differences between the two 
distributions and p-values of > 0.1 indicate that the differences between the two dis­
tributions are not significant and that it is conceivable that both datasets derive from 
the same over-riding distribution. Throughout this thesis * and •  symbols are used in 
significance test result tables to indicate significant and moderately significant results 
respectively.
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Mantel-Haenszel Logrank Test
The most widely used method of comparing two survival curves is the Logrank test 
(also called the Mantel-Cox test) (Machin et al., 2006) and is used throughout this 
study. The null hypothesis of this test is that the datasets being compared all have 
the same survival experience, and thus any variation between their empirical survivor 
functions can be attributed purely to chance (Machin et al., 2006). The method and 
equations outlined in this section are based on the information within Machin et al.
Firstly observed durations from both datasets are placed in rank order irrespective of 
their original group and the expected number of eruptions ending from each group is 
estimated at each duration value (z) using
Here r; is the total number of observed eruptions with duration z (irrespective of group), 
Tg%i is the total number of eruptions in the specified group (gi or g2) with durations 
longer than or equal to z and Ni is the total number of observations in both groups 
with durations longer than or equal to z. The total number of observations in each 
group (Ogi and 0 92) and the total expected number of eruptions ending in each group 
(Egi and Egi) are calculated (by summing the results from equation 2.2). For better 
treatment of tied data, where two or more observed eruptions are of equal duration, the 
Mantel-Haenszel version of the Logrank test is employed, involving the calculation of 
the hypergeometric variance V  at each duration interval:
(2006).
(2.2)
(2.3)
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where s* is the total number of observed eruptions with durations longer than i (irre­
spective of group) (Si = N i ~  ri). The individual V* values obtained from equation 2.3 
are then summed to get V  and the Xmh Logrank statistic is calculated by either:
2 (Og i - E gi)2 2 (Og2- E 92f
X m h  =  y  o r  X m h  =  y  (2-4)
For this thesis this test is performed using the "Survdiff" function within the "survival" 
package of "R" (R Development Core Team, 2011) which also computes associated 
p-value. The null hypothesis of this test is rejected if this p-value is < 0.05 and the 
distribution of the data within the two groups is said to be significantly different at the 
0.05 level.
A variation of this test can be used to compare three or more empirical survivor func­
tions allowing the user to establish whether the differences are statistically significant, 
however, it does not provide information about where these differences occur. For 
this reason, we have chosen not to use this modified test, but to run the Logrank test 
outlined above on pairs of empirical survivor functions to assess where significant dif­
ferences lie.
T-test
This study uses a two sample location t-test to test the null hypothesis that the means of 
two groups of data are equal. As such, if the null hypothesis is rejected, the mean vales 
are considered sufficiently different that the two tested datasets could have derived 
from different over-riding distributions. Generally t-tests assume that that the data 
being tested are normally distributed or that the sample sizes involved are sufficiently 
large that the central limit theorem can be applied. The duration data used within this 
study often does not fulfil either of these criteria, however, by applying the t-test to
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the logs of the data a more normal distribution is achieved and the test can be used in 
conjunction with other significance tests to compare groups of data.
Due to the variances of the data often not being equal, a Welch’s t -test is used here. 
The "t.test" function (with "var.equal = FALSE") of "R" (R Development Core Team, 
2011) is used to compute the test statistic and associated p-value. The null hypothesis 
of this test is rejected if this p- value is < 0.05 and the distribution of the data within the 
two groups is said to be significantly different at the 0.05 level.
Mann-Whitney test
The Mann-Whitney test (also called the Mann-Whitney-Wilcoxon test or the Wilcoxon 
rank sum test) is similar to the Logrank test in that it is based on the rank order of the 
data within the two groups. It is often used as an alternative to the t-test and given that 
the datasets compared in this study are not strictly normally distributed it is used here 
in addition to the t  test to verify results.
The "Wilcox.test" function of "R" (R Development Core Team, 2011) is used to com­
pute the test statistic and associated p-value. The definition of this test is not unan­
imous and the test statistic calculated using "R" (R Development Core Team, 2011) 
corresponds to the sum of the ranks of the first group with the minimum value sub­
tracted, such that it can be larger than other methods by m (m  +  l) /2  where m  is the 
size of the first group. The outcome of the test is the same because the sampling distri­
bution, and hence the p-value, accounts for the difference. The null hypothesis of this 
test is rejected if this p -value is < 0.05 and the distribution of the data within the two 
groups is said to be significantly different at the 0.05 level.
37
CHAPTER 2. METHODS
2.2.4 Example: Comparing two subsets of the repose interval du­
ration data from Soufriere Hills, Montserrat
For illustrative purposes, the repose interval data of Table 2.3 has been split into two 
groups: 22 September - 5 October (gi) and 6 October - 21 October (g2). Fig. 2.3 
plots the empirical survivor function curves for both sets of data. The greater range 
of g2 leads to visual differences in the distribution tails of the two datasets, however, 
p -values obtained from the Mantel-Haenszel Logrank test, Mann-Whitney test and t- 
test are all > 0.05 indicating that the two distributions are not significantly different 
at the 0.05 level (Table 2.4). This implies that the data from both time periods could 
have derived from the same overriding distribution, and that separating the data into 
these two groups is unnecessary. In such a situation, the entire dataset (22 September 
-2 1  October) would be used in future analyses and, assuming additional temporal 
or spatial variations were not found, would form the basis any empirical forecasting 
models.
o
  22 Sep -  5 Oct
6 Oct -  21 Octco
d
CO
d
d
CNJ
d
o
d
1 10 100
Interval (hours)
Fig. 2.3 Empirical survivor function curves for the repose interval data of Table 2.3 for 
the periods 22 September - 5 October 2007 (n = 34) and 6 October - 21 October 2007 
(n = 40) (data from Table 2.3)
When significant differences between the groups of data being investigated are identi­
fied, it is considered unlikely that their data derive from the same over-riding distribu-
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Table 2.4: Significance test results comparing the distribution of interval duration between 
vulcanian explosions at Soufriere Hills Volcano for the periods 22 September - 5 October 
2007 and 6 October - 21 October 2007
Data Logrank Mann-Whitney T-Test
91  ( n = 3 4 )  92  ( n = 4 0 ) p = 0.208 p = 0.803 p = 0.891
pi = 22 Sep - 5 Oct 2007, p2 = 6 Oct - 21 Oct 2007.
* = significant at a 0.05 level, •  = moderate significance (p-value = 0.05-0.1). 
t-test applied to the logs of the data.
tion and the two groups are treated independently in remaining analyses.
2.3 Fitting theoretical distributions to the data
In order to make probabilistic forecasts of future eruption durations, empirical survivor 
function curves are modelled using a theoretical distribution. Exponential, Weibull, 
log-logistic and Burr type XII distributions are tested for each dataset investigated in 
this study. The survivor function (F ( x )) equation of each distribution is presented in 
Eqs. 2.5 to 2.8.
(exponential ) X / f l )  ( 2 . 5 )
F(x)  (Weibull) =  exp(-(x/f j, )0) (2.6)
1
F ( x ) ( log-logistic)  =  ( ^ - 7 )
1F(x) (BurrXII) = — — —  (2.8)
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For each distribution x  is the only known quantity and represents the variable being 
investigated (i.e. duration or repose interval). The other parameters defining these 
distributions have been estimated using maximum likelihood (in particular, the "mle" 
function within the "stats4" package of "R" (R Development Core Team, 2011)).
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Fig. 2.4 Plot showing how the shape of (a) exponential, (b) Weibull, (c) log-logistic and 
(d) Burr type XII distributions changes with varying parameter values. Scale parame­
ters of the Weibull (//), log-logistic and Burr type XII (cr) distribution remain constant 
at 10 in each curve
The exponential distribution contains only one estimated parameter (/i) which is equal 
to the mean of the observed data. Changing this value has little effect on the shape 
of the survivor function curve, however, moves its position on the graph (Fig. 2.4a). 
Both the Weibull and log-logistic distributions contain a shape parameter (f3 in both)
40
CHAPTER 2. METHODS
and a scale parameter (ji and a for Weibull and log-logistic respectively). The scale 
parameter controls the range that the distribution operates over, and as such determines 
the position of the empirical survivor function curve when displayed graphically. Figs. 
2.4b and c demonstrate how the shape of these two distributions change when is 
altered and the scale parameter kept constant. The Weibull distribution is related to the 
exponential distribution and the two distributions are identical when (3=1  (compare 
appropriate curves on Figs. 2.4a and b). The long duration tail of the log-logistic 
distribution is heavier than that of the Weibull distribution while their short duration 
tails are similar (Figs. 2.4b and c).
The Burr type XII distribution has three parameters; two shape parameters ( ck and (3) 
and one scale parameter (a). The additional shape parameter allows both tails of the 
distribution to behave independently with a  controlling the long duration tail and p  the 
short duration tail (Fig. 2.4d). Akin to the Weibull and exponential distribution, the 
Burr type XII distribution is related to the log-logistic distribution and when a = (3 it 
reduces to it.
Throughout this thesis graphical representations of these four distributions will have 
the same colours as those in Fig. 2.4, whereby exponential is pink, Weibull is blue, 
log-logistic is yellow and Burr type XII is green.
2.3.1 Goodness-of-fit
Goodness-of-fit tests are used to determine whether the fitted theoretical distributions 
adequately describe the duration data. The following section outlines the goodness- 
of-fit test used throughout this thesis as well as a likelihood ratio test which is used in 
conjunction with observed differences to decide which distribution to use when both 
the log-logistic and Burr type XII distributions are considered a sufficient fit to the 
data.
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Kolmogorov-Smirnov test
Kolmogorov-Smimov (KS)  goodness-of-fit tests are used to determine whether the­
oretical distributions provide a good fit to observed data and have been used in vol- 
canological investigations in the past (e.g. Mulargia et al. (1985), Salvi et al. (2006), 
Connor et al. (2003) and Bebbington (2013)). It is based on comparisons between the 
empirical distribution function (Fn) of the observed data (here this is the duration data 
(re)) and the cumulative distribution function (F0) of an assumed theoretical distribu­
tion (exponential, Weibull, log-logistic or Burr type XII). These equate to one minus 
the empirical survivor function (Eq. 2.1) or theoretical distribution’s survivor function 
(Eqs. 2.5- 2.8), respectively. Graphically the K S  test statistic D  identifies the maxi­
mum vertical displacement between Fn and Fq and thus is obtained by computing the 
maximum absolute difference between Fn and F0 at all values of x:
D = Max\Fn(x) -  F0(x)\ (2.9)
X
The null hypothesis of this test is that the observed sample is derived from the theoreti­
cal distribution being tested. It can be accepted when D  is lower than the critical value 
for that sample size (N ) at the appropriate significance level (0.05 for this study).
The benefit of using this method is that it works well for small sample sizes, however, 
some degree of approximation has been introduced to this method due to the pres­
ence of tied data and due to the parameters of theoretical distributions being estimated 
from the observed data. To reduce this bias the significance level of the difference 
between Fn and F0 is estimated using a bootstrap re-sampling technique. This ap­
proach simulates 3000 (R) datasets from the fitted distribution, each of equal size to 
the observed data N.  Parameters for the best fit distribution of each simulated dataset 
are estimated using maximum likelihood and their K S  test statistic obtained (Di for
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i =  1 , . . . ,  R).
This process should result in the same number of simulated test statistics as simulated 
datasets (R  = 3000), however, sometimes the maximum likelihood estimator fails to 
provide parameter values for the best fit distribution and where this is the case a test 
statistic cannot be calculated. So long as 95 % of the simulated datasets (2850) com­
plete this process a p-value can be estimated (P) by the proportion of simulated K S  
test statistics that are as extreme or more extreme than the K S  test statistic originally 
obtained (D0bs)• Eq. 2.10 summarises this where r is the total number of simulated 
K S  test statistics obtained.
p  _  — Dobs) +  1 ^  IQ )
r +  1
Instead of comparing the K S  test statistic to the critical value and using that relation­
ship to determine if the null hypothesis can be accepted, P  gives the significance level 
of the test. As such, if this value is > 0.05 the difference between the observed and 
fitted distribution is not significant at the 0.05 level and the null hypothesis can be 
accepted, the observed data could have derived from the fitted distribution. Through­
out this thesis o is used to indicate K S  test results that are not significant at the 0.05 
level.
Likelihood ratio test
In situations where the ATP test indicates that both the log-logistic and Burr type XII 
distributions adequately describe the observed duration data, a likelihood ratio (LR)  
test is used to assess whether the additional parameter of the Burr type XII distribution 
sufficiently alters its shape, such that it is worthwhile using this more complicated 
distribution to model the data. The null hypothesis is that there is little benefit in
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employing the Burr type XII distribution with three parameters in preference to the 
log-logistic distribution with only 2 parameters.
To perform this test the log-likelihood (L) corresponding to the fitted log-logistic dis­
tribution and Burr type XII distribution is found and equation 2.11 used to obtain LR. 
This value is compared to the appropriate quantile of the %2 distribution with degrees- 
of-freedom corresponding to the difference between the number of parameters esti­
mated in each distribution (Burr type XII = 3 parameters, log-logistic = 2 parameters 
so df = 3 -  2, df =  1).
L R  =  —2 {L(iog—logistic) L ^ B u rr ) )  OT ^ {L ^ B u rr)  L ( i 0g —logistic)') ( 2 - 1 1 )
The 5 % quantile of the x 2 distribution with 1 degree-of-freedom has a critical value of 
3.84. A L R  < 3 .84  indicates a minimal difference between L  and the null hypothesis 
is accepted, the log-logistic distribution is adequate and there is little benefit in using 
the Burr type XII distribution. In contrast if L R  >3 .84  the difference between the two 
models is greater and the null hypothesis is rejected.
2.3.2 Example: Fitting theoretical distributions to the repose in­
terval data of Soufriere Hills, Montserrat
Parameter values for the best fit exponential, Weibull, log-logistic and Burr type XII 
distribution of the repose interval data of Soufriere Hills, Montserrat (Table 2.3) are 
reported in Table 2.5. Fig. 2.5 plots the survivor function of each fitted distribution 
alongside the empirical survivor function curve of the observed data.
Visually it is evident that the exponential distribution gives a poor fit to the data, how­
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  Observed data
Exponential distribution
  Weibull distribution
Log-logistic distribution 
Burr type XII distribution
1 10 100 
Interval (hours)
Fig. 2.5 Empirical survivor function curves and best fit distributions for the repose 
interval data of Soufriere Hills, Montserrat (data of Table 2.3). Parameter values can 
be found in Table 2.5
ever, the remaining three distributions plot with similar shapes and positions (Fig. 2.5). 
K S  tests support these results with only the exponential distribution resulting in a p- 
value of < 0.05 (Table 2.5). A L R  test performed on the log-logistic and Burr type 
XII distributions yields a test statistic of 1.397 indicating little variation between the 
log-likelihood values of the two distributions and that there is little benefit in employ­
ing the Burr type XII distribution in preference to the log-logistic distribution (Table 
2.5).
In this situation either the Weibull or log-logistic distribution could be used as the basis 
of an empirical forecasting model for this dataset. Early stages of this investigation 
found that a log-logistic distribution often provides an adequate fit to eruption duration 
data and therefore this distribution would be used here. Furthermore, it could also be 
argued that visually the Weibull distribution has a poorer fit to the observed data at 
durations < 7 days (Fig. 2.5).
Connor et al. (2003) also fitted theoretical distributions to the data of Druitt et al. 
(2002) and found that found that a log-logistic distribution with p  = 9 and K  = 4 
provided an excellent fit whereas a Weibull distribution was less sufficient. The log-
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Table 2.5: Parameter values, Kolmogorov-Smimov ( K S )  test and likelihood ratio (LR)  test 
results for theoretical distributions fitted to the repose interval data of Soufriere Hills, 
Montserrat
Exponential Weibull Log-logistic Burr type XII
p = 9.3 /3 = 2.59 /3 = 4.37 a  = 6.56
p  = 10.47 (T = 8.72 j3 = 3.75
a  = 10.69
D 0bs 0.333 0.084 0.062 0.051
P 0.000 0.209 o 0.550 o 0.824 o
r 3000 3000 3000 2995
L R  test statistic (log-logistic and Burr type XII): 1.397
o not significant at the 0.05 level (p-value > 0.05).
Dobs = K S  statistic, p = estimated p-value and r = final bootstrap size.
logistic parameters estimated here are (i = 8.72 and /? = 4.37 (Table 2.5), and although 
the notation is slightly different and our values are estimated by maximum likelihood, 
it is evident that the log-logistic distributions concluded to provide a good fit to the 
data are similar.
2.4 An empirical probabilistic model using survival anal­
ysis
Having decided which theoretical distribution best describes the observed duration 
data, survival analysis can be used to estimate the probability that a future eruption 
will exceed a given length of time. The following section discusses three types of 
forecast, each designed to answer slightly different questions that might be of inter­
est when forecasting future eruption durations. In each case, equations are presented 
which result in a ‘point estimate’ for the answer to each question. Section 2.4.4 pro­
vides information about how 95 % and 80 % confidence intervals are calculated for 
each of these forecasts.
46
CHAPTER 2. METHODS
2.4.1 Survivor function
The simplest type of forecast made in this investigation is of the survivor function and 
requires the survivor function equation of the appropriate distribution. The forecast 
answers the question“What is the probability of a future eruption exceeding x T ,  where 
x  is a specified duration. The durations of interest vary depending on the range of the 
durations within the dataset being modelled, however, for the majority of examples in 
this thesis forecasts are performed for the probability of exceeding 7 days (1 week), 30 
days (~  1 month) and 365 days (1 year).
2.4.2 Residual life function
The residual life function is a variation on the survivor function (Section 2.4.1), adapted 
for on-going eruptions. It can be used to answer the question “What is the probability 
of a future eruption exceeding x, having already reached duration tV .  Note that be­
cause x  represents the total duration of the eruption, forecasts performed where t = x  
result in an exceedance probability of 100 %. The following equations give the ‘point 
estimate’ forecasts for the residual life function of the stated distribution.
F t{p t) (exponential) =  exp{(t x } f [1} (2.12)
Ft{x) (Weibull) =  exp{ { t /n Y  -  {x/fi)0} (2.13)
F t(% ) (log—logistic) =  ^  ^  (2.14)
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F t ( x )  ( B u r r X I I )  —  (  +  ^
ap + t^ \ a/0
(2.15)
As with the survivor function forecasts the values of interest (x and t) are dependent 
on the duration range of the dataset being modelled.
2.4.3 Quantile function
The quantile function enables the user to find the duration associated with a stated 
quantile p, that is, the duration that has probability 1 — p of being exceeded. The 
following equations give the ‘point estimate’ forecasts for the quantile function of the 
stated distribution.
X p (exponential) ft lo§(l P ) (2.16)
X p (Weibull ) =  f t { ~  l 0 g ( l  -  p ) Y h6 (2.17)
Xp (log—logistic) & (2.18)
Xp (Burr X I I )  ~  & (2.19)
In contrast to the survivor function and residual life function the quantiles of interest 
p are completely independent of the range of durations within the dataset being inves­
tigated. Deciding which exceedance probabilities should be forecast is a subjective
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process, dependent on how the user views probabilities and in particular which proba­
bilities they would associate with likely or unlikely events (Budescu et al., 2009).
Table 2.6: Likelihood scale of the IPCC (taken from Mastrandrea et al. (2010))
Qualitative Term Likelihood of the Outcome
Virtually certain 99-100 % probability
Very likely 90-100 % probability
Likely 66-100 % probability
About as likely as not 33-66 % probability
Unlikely 0-33 % probability
Very unlikely 0-10 % probability
Exceptionally unlikely 0-1 % probability
For the purpose of this investigation the likelihood scale developed and used by the In­
tergovernmental Panel on Climate Change (IPCC) (Mastrandrea et al., 2010) is adopted 
here and is reproduced in Table 2.6. Here the two qualitative terms considered most 
useful are “likely” and “unlikely”. Values of p  of 0.34 (66 %) and 0.67 (33 %) are used 
for all quantile functions forecasts used in this study and give the duration that is likely 
and unlikely to be exceeded, respectively. It is noted that in a real life application of 
the model the thresholds for likely and unlikely may need to be modified to suit the 
eruption style or volcanic region being investigated.
2.4.4 Calculating confidence intervals
As previously mentioned the equations presented thus far result in ‘point estimates’ for 
the specific value of interest (x  or p for the survivor/residual life function and quantile 
functions, respectively). In each case 95 and 80 % confidence intervals are given in the 
form of
'point estimate' d= 1.96 y/fy
and
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'point estimate' ±  1.28 y/fy
respectively, where V  is the estimated variance for the formula being used in the model. 
The calculation of V  is specific to the theoretical distribution and is based on standard 
asymptotic theory for maximum likelihood estimation. The equations involved are 
displayed in the following pages. It is worth noting that although both the 95 % and 
80 % confidence intervals are calculated and reported in the results tables throughout 
this thesis, only the 80 % confidence intervals are reported when results are discussed 
in the text.
Confidence interval equations for the exponential distribution
The exponential distribution has one estimated parameter and therefore the general 
formula for V  is
V  = D 2C[ 1,1] (2.20)
Here C [l,l] refers to the asymptotic covariance between /}, the estimated value of 
which is provided by "R" (R Development Core Team, 2011) at the same time as the 
parameter estimate itself.
For the survivor function of the exponential distribution D  is given by
D = (x /n2) exp(—x/fi)  (2.21)
For the residual life function of the exponential distribution D  is given by
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D = ((x — t)/ f i2) exp((t — x)/fi)  (2.22)
For the quantile function of the exponential distribution D  is given by
D = — log(l — p) (2.23)
Confidence interval equations for the Weibull distribution
The Weibull distribution has two estimated parameters and therefore the general for­
mula for V  is
V  = D 2 C[ 1,1] +  E 2 C[2,2] +  2D E  C[ 1,2] (2.24)
Here the C’s are elements of the asymptotic covariance matrix associated with the
maximum likelihood estimates /? and jl of/? and fi, respectively; specifically, C [l,l] is
the asymptotic variance of /5, C[2,2] that of jl and C[l,2] is the asymptotic covariance 
between /3 and jl. The estimated values of the C’s are provided by "R" (R Development 
Core Team, 2011) at the same time as the parameter estimates themselves.
For the survivor function of the Weibull distribution D and E are given by
D = - ( x / n f  log(x/n) e x p ( - ( x / f i f ) (2.25)
E  = (P/v) (x / ^ ) 0 exp(-(a;//x)0) (2.26)
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For the residual life function of the Weibull distribution D and E are given by
D = exp{{t/ti)0 -  (x/fi)0} {(;t / f i f  log(t/fj) -  ( x / i i f  log(x/fi)} (2.27)
E  = (P/fi) exp{ { t / i i f  -  {x/fi)0} { ( x / r f  -  (t/fi)0} (2.28)
For the quantile function of the Weibull distribution D and E are given by
D = - j p { - log(l - p)}1//J log{- log(l -  p)} (2.29)
E =  { - lo g ( l -p ) } W  (2.30)
Confidence interval equations for the log-logistic distribution
The general formula for V  of the log-logistic distribution is the same as that of the 
Weibull distribution (Eq. 2.24) due to also having two estimated parameters. Here 
the C’s are elements of the asymptotic covariance matrix associated with the maxi­
mum likelihood estimates /? and a of (3 and a, respectively; specifically, Cf 1,1] is the 
asymptotic variance of /?, C[2,2] that of <r and C[l,2] is the asymptotic covariance be­
tween and a. The estimated values of the C’s are provided by "R" (R Development 
Core Team, 2011) at the same time as the parameter estimates themselves.
For the survivor function of the log-logistic distribution D and E are given by
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{ i  +  ( x / a y y  { ' }
E  = t
{ x j a f
a  { i  +  ( x / o - y y
(2.32)
For the residual life function of the log-logistic distribution D and E are given by
D =
( x t y  log(t/x)  +  (cTty  log(t/cr) — (ax)*3 log(x/a)  
(crP +  x@)2
(2.33)
P.34)
\ap +  x p y
For the quantile function of the log-logistic distribution D and E are given by
V
V
log P
1 - p
(2.35)
Confidence interval equations for the Burr type XII distribution
The Burr type XII distribution has three estimated parameters and therefore the general 
formula for V  is
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V  =  D 2 C[ 1,1] +  E 2 C[2,2] +  F 2 C[3,3] +  2D E  C[ 1,2] +  2D F C[l, 3] +  2EFC[2,3]
(2.37)
Here the C’s are elements of the asymptotic covariance matrix associated with the 
maximum likelihood estimates a, (3 and <7 of a, (3 and cf, respectively; specifically, 
C [l,l] is the asymptotic variance of a, C[2,2] that of /7 and C[2,2] that of a  while 
C[l,2] is the asymptotic covariance between a  and (3, C[l,3] that between /3 and a 
and C[2,3] that between /§ and a. The estimated values of the C’s are provided by 
"R" (R Development Core Team, 2011) at the same time as the parameter estimates 
themselves.
For the survivor function of the Burr type XII distribution D, E and F are given by
log{l +  (x / a f  }
P {1 +  { x / a Y Y / e  'M>
p  a  [{i +  { x /a Y }  log{l +  { x / a f }  -  P ( x j a Y  log(a;/<7)] „
P2 {1 + { x / a Y Y I ^
F = ° ___________   (240)
a {1 +  ( x / a Y Y ^ - 1-1
For the residual life function of the Burr type XII distribution D, E and F are given
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{  gP + fP 
f32 \gP + xP
rP+t? log r P +  t?
+ P
<jP + x 13)  ° \ q P  + xP 
(x t)P log( t / x )  + (a t )P  \og(t/ a )  — (ax )P  log( x / a )  
(crP + xP )2 }] (2.42)
F  = a a 0- 1
+  t 0 s x 0 _ f 0
crP + xf- {(Jp + x P )2
(2.43)
For the quantile function of the Burr type XII distribution D, E and F are given by
n  =  —  f  1 _  1 \ <1//J> 1 fogt1 ~  P)
u 2 \ { i - Py / “ j  ( i - Py / °
(2.44)
E  = -
X
a 1
Ot.fi2 \  (1 — p )P /c 
a< (l -p )W “ '
- l
1/0 -1
1 } log
(1 — p ) p / c }1 > + p
log(l - p )
(1 — p ) p / a _
(2.45)
F  =
( l - p ) P ' c
-  1
i/0
(2.46)
2.4.5 Example: Forecasting the duration of repose intervals be­
tween vulcanian explosions at Soufriere Hills, Montserrat
Table 2.7 contains the results of ten forecasts based on the best fit log-logistic distribu­
tion of the repose interval data of Soufriere Hills, Montserrat (data of Table 2.3). Sur­
vivor function forecasts give a high probability that an explosion will follow a repose
55
CHAPTER 2. METHODS
interval in excess of 6 hours (84 % dt 2 %) with the probability gradually decreasing 
as the value assigned to x  increases (Table 2.7). For the residual life function t  = 6 
hours has been used and the same trend of decreasing probability with increase x  can 
be observed (Table 2.7).
The use of the IPCC likelihood scale (Table 2.6) enables the quantile function to be 
used here to conclude that an explosion is likely to follow a repose interval in excess of 
7.49 hours (±  0.47 hours) and unlikely to follow a repose interval in excess of 10.25 
hours (±  0.63 hours).
Table 2.7: Survivor function (S F ), residual life function (R u fe) and quantile function (Q) 
forecast results for the interval between vulcanian explosions at Soufriere Hills, Montserrat 
(data of Table 2.3) (for the residual life function t = 6 hours)
C/1
Input Result 9 5 % 8 0 %
6 h 
% 9 h 
12 h 
18 h 
40 h
84% 
47%  
20% 
4%  
0.001 %
± 1 %
±  10%
± 7 %
± 3 %
±  0.002 %
± 5 %
± 6 %
± 5 %
± 2 %
±  0.001 %
5  9 h
0? 12 h
56%
24%
± 9 %
± 9 %
± 6 %
± 6 %
0.34
0.67
0.998
7.49 h 
10.25 h 
36.14 h
±  0.72 h 
±  0.97 h 
±  10.26 h
±  0.47 h 
±  0.63 h 
±  6.71 h
h = hours, C/I = confidence interval
As discussed in section 2.3.2, Connor et al. (2003) modelled the repose interval data of 
Soufriere Hills with a similar log-logistic distribution. They concluded that there was 
a 0.002 % probability of a vulcanian explosion following a 40 hour repose interval. A 
survivor function performed for x  = 40 on the best fit log-logistic distribution of the 
current study gives a slightly lower probability of 0.001 % (±  0.001 %), and a quantile 
function reveals that a 0.002 % probability (or 0.998 value of p) corresponds with a
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minimum repose interval of 36.14 hours (±  6.71 hours) (Table 2.7). These results 
reflect the similarity between the two log-logistic distribution used to model the Druitt 
et al. (2002) data. It is worth noting that the confidence intervals associated with these 
extreme forecasts are high, due to the limited information within the long duration tail 
of the data from which to constrain the theoretical model. This is perhaps a situation 
where extreme value statistics would have provided a more useful result than survival 
analyses performed to forecast typical eruptive behaviour.
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Chapter 3 
Dataset compilation: a critical 
examination of the literature
http://www.freeenterprise.com  ^  -
Historical eruption duration datasets were compiled for Mt. Etna, Kilauea, Piton de 
la Foumaise (PdlF) and Iceland. In each case, data were collated from the literature 
and subjected to critical examination and uncertainty assignment using the methods 
outlined in section 2.1. It is worth noting that although the catalogue compiled by The 
Smithsonian Institution’s Global Volcanism Program is a thorough and detailed com­
pilation of global volcanism (Siebert et al., 2010; Venzke et al., 2013) their definition 
of an eruption end (subsection 2.1.1) differs considerably from that used here and they 
do not always provide references to primary literature for eruption dates. For these 
reasons the GVP catalogue has not been used as a source of data in this study. Due to 
the different methods available to calculate erupted volume a single source is used for
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each dataset.
This chapter introduces each dataset in turn, focussing on specific aspects that war­
rant further discussion and outlining the source literature used. The tables included 
in this chapter contain the eruptions with reported eruption durations that are consid­
ered reliable and thus used in this study. A complete list of all considered eruptions 
along with information regarding their reported start and end dates, clarification of any 
assigned uncertainties and the reasoning behind any exclusions are included in the ap­
propriate appendices (Appendix A = eruptions from Mt. Etna, Appendix B = eruptions 
from Kilauea, Appendix C = eruptions from PdlF and Appendix D = eruptions from 
Iceland).
The completeness of the eruption record requires some consideration when investi­
gating past eruptive activity. It is important to recognise that in addition to eruptions 
being excluded from the study due to insufficient information regarding their duration, 
some eruptions will have gone completely unnoticed, especially in the early historical 
record and in remote regions. With time, increased human population in volcanically 
active areas, technological advances in eruption detection and a greater understanding 
of volcanic processes has led to an apparent increase in volcanic activity which is an 
artefact of reporting (Siebert et al., 2010). Furthermore, local fluctuations in reporting 
occur in response to increased interest following large, often devastating eruptions and 
decreases during periods of great international instabilities such as wars (Siebert et al., 
2010). To assess the effect of reporting bias each section ends with an investigation 
into the completeness of the eruption record to which it pertains.
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3.1 Available data for Mt. Etna
Two types of volcanic activity have been recognised in the historical records of Mt. 
Etna: persistent activity from summit vents and periodic activity from eruptive fissures 
on the volcano’s flanks (Guest and Murray, 1979; Duncan et al., 1981; Acocella and 
Neri, 2003; Behncke and Neri, 2003; Branca and Del Carlo, 2005; Crisci et al., 2010). 
The sustained nature of Mt. Etna’s summit eruptions makes defining eruption start and 
end dates difficult, especially further back in the historical record. Furthermore, while 
the historical record of flank eruptions is considered reliable and nearly complete after 
1600 AD (Mulargia et al., 1985; Behncke and Neri, 2003; Branca and Del Carlo, 2004; 
Behncke et al., 2005; Branca and Del Carlo, 2005; Tanguy et al., 2007), summit activity 
is only considered reliable after the late 19th century (Chester et al., 1985; Andronico 
and Lodato, 2005; Branca and Del Carlo, 2005; Proietti et al., 2011). This restricts the 
time period available for analysis within this study, and therefore reliable datasets of 
historic summit eruption duration data would be small.
Furthermore, despite the typically explosive nature of summit activity, its effects are 
often localised to within a few hundred/thousand metres of the eruption site and there­
fore its threat to property and surrounding populations is confined above 1600-1800 m 
above sea level. Consequently, only the tourist facilities are potentially exposed to the 
risk of lava invasion (Duncan et al., 1981; Proietti et al., 2011; Cappello et al., 2013). 
However, flank eruptions tend to produce lava flows that can extend for far greater 
distances and to lower elevations making them the greatest hazard on Mt. Etna (Dun­
can et al., 1981; Chester et al., 1985; Behncke and Neri, 2003; Andronico and Lodato, 
2005; Behncke et al., 2005; Proietti et al., 2011).
The greater relevance to lava flow hazard assessment in conjunction with the difficul­
ties in defining historical summit eruption start and end dates has led to the exclusion 
of summit activity from this study which focuses only on flank eruptions. The dis­
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tinction between summit eruptions and flank eruptions on Mt. Etna is in many ways 
arbitrary. The eruption data included within this study begins prior to the formation of 
the NE crater and SE crater (in 1911 and 1978, respectively), so while eruptions from 
the Voragine and Bocca Nuova are definitely summit eruptions, eruptions from fissures 
in the region of the NE and SE craters prior to their formation were flank eruptions. 
Since the formation of these craters any eruptions from these two vents have been con­
sidered summit eruptions and excluded from the study. In most instances eruptions 
from vents or fissures above 3000 m elevation are considered summit eruptions, how­
ever, where fissures then extend down the flanks of the volcano, and erupt in a style 
most similar to flank activity on Mt. Etna, they are often categorised as flank eruptions 
and included within this study. Where some debate existed in whether eruptions were 
considered summit or flank for the purpose of this study they are discussed in more 
detail in Section 3.1.2 and Appendix A.
3.1.1 The eruption duration dataset of Mt. Etna
A catalogue of historic flank eruptions from 1300-2010 from Mt. Etna was collated 
from the literature yielding an initial dataset of 80 volcanic eruptions (included in 
Appendix A). Where flank activity is reported during longer periods of summit activity 
the dates corresponding to the flank component are used (e.g. May 1780), however, 
sometimes the precise start and/or end date of the flank eruption is unknown and where 
this is the case the eruption has been excluded (e.g. May 1759). Furthermore, the 
September 1869, February 1999 and July 2006 eruptions were initially thought to be 
flank eruptions, however, investigations into their source vents/fissures indicated that 
they were best described as summit eruptions and have therefore been excluded from 
the study but still exist in the descriptions within Appendix A.
Critical assessment of the existing eruption record resulted in 62 volcanic eruptions
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with reliable eruption durations carrying acceptably small duration uncertainties (sec­
tion 2.1.2). These eruptions are reported in Table 3.1. The method of determining the 
source location of each eruption is discussed in section 3.1.3. Lava volumes are taken 
from Behncke et al. (2005) and specific considerations regarding the volumes used in 
this study are discussed in section 3.1.4.
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3.1.2 Additional information on specific eruptions from Mt. Etna
Tanguy et al. (2007) provide the most comprehensive catalogue of historical eruptions 
from Mt. Etna extending from 1600 to 2003. The majority of the eruptions within this 
time period that are included in Table 3.1 are also reported by Tanguy et al. (2007), 
although sometimes, where numerous other sources give alternative dates, the dates of 
Tanguy et al. (2007) are not used but are covered in the eruption’s assigned uncertainty. 
However, two of the eruptions are not included by Tanguy et al. (2007). These are the 
February 1643 and the January 1968 eruptions (#8 and #41, Table 3.1). The latter 
eruption is documented in numerous other sources, including Tanguy (1981) and its 
exclusion by Tanguy et al. (2007) may have been an oversight, with other eruptions 
between 1966 and 1970 included in Tanguy (1981) but missing from Tanguy et al. 
(2007). The 1968 eruption is therefore included in our dataset using information from 
other sources (Table 3.1). The February 1643 eruption is excluded by Tanguy et al. 
(2007) due to some confusion in the literature between its vent location and the location 
of the 1646-7 lava flows (Tanguy et al., 2007). We include this eruption here, using the 
dates reported by Behncke et al. (2005) and Tanguy (1981).
Information about the dates of three other eruptions differs significantly from Tanguy 
et al. (2007). These are the March 1536 and the February and November 1975 erup­
tions (#3, #45 and #46, Table 3.1). The flank eruption of March 1536 (#3, Table 3.1) 
was accompanied by summit activity that continued until the end of the year (Tanguy 
et al., 2007; Siebert et al., 2010). The flank component of this eruption is reported as 
ending in April (Behncke et al., 2005), whereas the information within appendix 1 of 
Tanguy et al. (2007) states that the eruption “probably ended on 8 April". To account 
for this uncertainty the precision to which the end date is known is considered to be 
in the ‘early month’ category of Table 2.1 so the 5 April is assigned with a ±  5 day 
duration uncertainty (Table 3.1).
70
CHAPTER 3. DATASET COMPILATION
The two 1975 flank eruptions also occurred during a period dominated by summit ac­
tivity. Such close association between the summit and flank activity makes isolating the 
dates of the flank component difficult and Tanguy et al. (2007) have simply recorded 
these eruptions within the longer summit activity. Other workers tried to resolve this, 
and it is the dates and uncertainty within these alternative references that are included 
in Table 3.1.
3.1.3 Vent location data at Mt. Etna
Flank eruptions at Mt. Etna are often associated with multiple aligned vents or fissures 
radiating from the volcano’s summit (Acocella and Neri, 2003). These vents and fis­
sures are mostly concentrated in three rift zones and the Valle del Bove (Duncan et al., 
1981; Acocella and Neri, 2003; Behncke et al., 2005). Table 3.1 and Fig. 3.1 contain 
information about the location of each eruption, derived from maps by Romano et al. 
(1979), Chester et al. (1985), Acocella and Neri (2003) and Branca et al. (2011).
The East flank of Mt. Etna is dominated by the two collapse features of the Valle 
del Bove (Guest et al., 1984) and the smaller Valle del Leone. The 19 eruptions with 
vents/fissures located within the Valle del Bove and the 1 eruption within the Valle del 
Leone are identified as “VDB" or “VDL" in the location column of Table 3.1, however 
for the remainder of this paper the Valle del Leone eruption (#56, Table 3.1) will be 
grouped with the Valle del Bove eruptions and referred to as such.
The April 1971 eruption (#42, Table 3.1) was a complex flank eruption (Tanguy et al., 
2007). The activity occurred at 3 vents on the upper South flank and a series of vents 
on the East flank of the volcano within the Valle del Bove and extending onto the 
NE flank (Le Guem, 1972; Branca and Del Carlo, 2004, 2005; Tanguy et al., 2007). 
Despite the varying location of activity during this eruption, and its association with 
the early formation of the summit’s South-East crater, it is included here as one event
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CATANIA
Fig. 3.1 Sketch map of Mt. Etna based on Romano et al. (1979) and Branca et al.
(2011) showing the extent of erupted material and the position of their vents or fissures 
(yellow stars and lines respectively) for the eruptions within Table 3.1. Dashed lines 
represent the boundaries between sectors A, B and C (discussed in the text), VDB = 
Valle del Bove, VDL = Valle del Leone and VC = Val Calanna
with a duration of 68 days on the ENE flank.
The May 1879 and October 2002 eruptions (#27 and #59, Table 3.1) both involved 
more than one vent located on different flanks of the volcano. Here the vent which 
was active for each eruption’s entire duration is used, although the erupted material
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from both vents is shown on the map in Fig. 3.1. Precise vent locations could not be 
found for two of the eruptions in Table 3.1 (#8 and #45). Examination of the literature 
and careful location of their erupted products indicates that both eruptions affected 
the North-North-East region of Mt. Etna and thus an approximate location could be 
assigned (Sector A).
3.1.4 Volume data for flank eruptions from Mt. Etna
Lava volumes for the flank eruptions used in this investigation have been taken from 
Behncke et al. (2005). Their catalogue spans the period 1600 to 2005 and thus earlier 
or more recent eruptions in Table 3.1 do not have volumes associated with them. It is 
unclear what method Behncke et al. (2005) used to obtain these volume measurements, 
however, they are assumed to be bulk deposit volumes. Where flank eruptions included 
within Table 3.1 are combined with summit activity in Behncke et al. (2005) (#19, 
#39 and #40, Table 3.1) it is unclear what proportion of erupted lava relates to the 
flank activity, and therefore these eruptions do not have lava volumes associated with 
them.
Erupted volumes are only used in Chapter 7 of this thesis. Here relationships between 
eruption duration, volume and eruption rate are considered. Due to the effusive nature 
of flank eruptions from Mt. Etna, only lava volumes are used in this study, and any 
tephra component of the eruption considered negligible. Behncke et al. (2005) report 
that 60 % of the total volume erupted during the October 2002 eruption (#59, Table
3.1) corresponds to tephra and therefore, a volume for the October 2002 eruption is not 
included in Table 3.1 or used in the analyses of Chapter 7.
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3.1.5 The completeness of the eruption record at Mt. Etna
The recording of Mt. Etna’s eruptive activity dates back to Greek and Roman epochs 
(Branca and Del Carlo, 2004, 2005; Tanguy et al., 2007). However, the records are 
often only considered to be complete after 1600 AD (Mulargia et al., 1985; Behncke 
and Neri, 2003; Branca and Del Carlo, 2004; Behncke et al., 2005; Branca and Del 
Carlo, 2005; Tanguy et al., 2007; Cappello et al., 2013). Fig. 3.2a shows a scarcity 
of data prior to 1600 AD and an apparent increase in eruption frequency with time 
which is related to increased reporting. Fig. 3.2b shows eruption frequency at 100 
year intervals and demonstrates how increased reporting since 1600 AD is accompa­
nied by a reduction in the number of eruptions excluded due to unknown or poorly 
constrained durations. All reported flank eruptions after 1970 have accurately known 
durations.
Furthermore, an increase in the range of reported eruption durations can be observed 
with time (Fig. 3.2c) suggesting that the early eruption record is biased towards erup­
tions which made the most impact on surrounding areas (Andronico and Lodato, 2005). 
A shift towards more modem approaches in observing and documenting volcanic ac­
tivity followed the large 1669 emption (Branca and Del Carlo, 2004, 2005) and is 
most probably responsible for the reduction of this reporting bias during the 18th Cen­
tury (Fig. 3.2c). The lack of short duration emptions following 1971 is unlikely to 
be an artefact of reporting and the significance of this change in emption duration is 
discussed in Chapter 4.
A regional bias in the quality and completeness of emption records may also exist on 
Mt. Etna. The volcano’s Western flank (sector C) appears to have experienced fewer 
flank emptions than other areas of the volcano (Fig. 3.1 and Fig. 3.2c). Geological 
maps of Mt. Etna (Romano et al., 1979; Branca et al., 2011) show more lava flows on 
this flank than are represented in this study, however, these were either empted prior to
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Fig. 3.2 (a) Plot of cumulative eruption number against eruption start year for the 76 
flank eruptions reported between 1300 and 2010 and (b) the same data displayed as a 
bar plot at 100 year intervals separated into eruptions included and excluded from this 
study, (c) Plot of eruption duration (on a log scale) against start year for the eruptions 
within Table 3.1 separated into the three sectors identified in Fig. 3.1 (A = NE, B = S 
and C = W). Vertical dashed lines in plots a and c represent the years 1600, 1670 and 
1971
1300 AD, and therefore outside the range of this investigation, or have undocumented 
eruption years. Although the reduced number of eruptions, especially in recent years, 
from vents located on Mt. Etna’s West flank may reflect a preference for eruptive vents 
to open on other flanks, some of this may be a reporting bias due to the Western flank 
being the least populated region of Mt. Etna (Behncke et al., 2005). Similarly, 95 % 
of the reported eruptions within the uninhabited and poorly accessible Valle del Bove
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post-date 1600 AD (Table 3.1), which may reflect a reporting bias here too.
Data before 1600 AD may be a poor representation of Mt. Etna’s activity due to the 
reporting biases discussed. The analyses of this study therefore exclude this data and 
focus on the dataset of historic flank eruptions for Mt. Etna in the period 1600-2010. 
Previous studies have recognised increases in eruption frequency and output rate at Mt. 
Etna following 1971 (Wadge and Guest, 1981; Mulargia et al., 1985; Andronico and 
Lodato, 2005; Behncke et al., 2005; Branca and Del Carlo, 2005; Salvi et al., 2006; 
Bebbington, 2007; Smethurst et al., 2009; Cappello et al., 2013) and therefore notable 
reduction in short duration eruptions after 1971 observed in Fig. 3.2c is not considered 
a function of reporting. A more thorough discussion of the change in eruption duration 
across this boundary is included in Chapter 4.
3.2 Available data for Kilauea
3.2.1 The eruption duration dataset for Kilauea
A catalogue of historic eruption durations for the period 1750-1983 was collated from 
existing catalogues and primary literature for Kilauea yielding an initial dataset of 50 
volcanic eruptions (presented in Appendix B). The dataset stops with the onset of the 
Pu’u’O’o - Kupaianaha eruption in January 1983 (Heliker and Mattox, 2003). This 
exceptionally long duration eruption was still continuing on 19 July 2013 (Venzke 
et al., 2013) and as such a final duration is unknown.
Due to the existence of the Hawaiian Volcano Observatory, documentation of volcanic 
eruptions is unusually detailed, with many eruptions containing information about the 
time of day that the eruption started and ended. This hourly resolution data is only used 
for short, less than 1 day eruptions. The eruption catalogues within Klein (1982) and
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Peterson and Moore (1987) only contain eruption start dates and durations. As a result 
the calculated end date (using the method outlined in section 2.1) is sometimes differ­
ent from that reported by other sources. Where primary sources containing sufficient 
descriptions about the eruption have been found this possible duration uncertainty is 
not accounted for in this study. Where more descriptive sources have not been found 
or where the descriptions suggest some ambiguity over the actual end of the eruption a 
duration uncertainty is assigned. Furthermore, Wadge (1981) gives the duration of ac­
tual magma discharge, excluding any periods of inactivity between them. Again here 
primary sources and descriptions have been used to verify that these pauses of activity 
are < 10 days and are therefore considered negligible in this study (section 2.1).
Critical assessment of the existing eruption record for Kilauea resulted in 41 volcanic 
eruptions with reliable eruption durations carrying acceptably small duration uncer­
tainties (section 2.1.2). These are reported in Table 3.2 along with erupted volumes 
taken from Peterson and Moore (1987). Information is also included about the source 
location of each eruption with regards to whether it was from one of the summit craters 
(S), the east rift zone (ERZ) or the south west rift zone (SWRZ). These regions and the 
principle vents associated with them are shown in Fig. 1.2. Lava volumes are taken 
from Peterson and Moore (1987) and specific considerations regarding the volumes 
used in this study are discussed in section 3.2.4
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Footnote for Table 3.2 continued...
Grey numbers following dates represent the following references: 1 Dzurisin et al. (1984), 2 Holcomb 
(1987),3 Peterson and Moore (1987),4 Wadge (1981),5 Klein (1982),6 Fiske et al. (1987), 7 Macdonald 
and Eaton (1957), 8 Richter et al. (1970), 9 Macdonald (1962), 10 Richter et al. (1964), 11 Moore and 
Krivoy (1964), 12 Peck et al. (1964), 13 Moore and Koyanagi (1969), 14 Wright et al. (1968), 15 Fiske 
and Koyanagi (1968),16 Kinoshita et al. (1969), 1' Nicholls and Stout (1988),18 Jackson et al. (1975), 
19 Swanson et al. (1976), 20 Swanson et al. (1979), 21 Tilling et al. (1987), 22 Keller et al. (1972), 23 
Duffield et al. (1982), 24 Dvorak (1990), 25 Lockwood et al. (1999), 26 Dzurisin et al. (1980), 2v Moore 
et al. (1980), 28 Casadevall and Hazlett (1983).
3.2.2 Comments on lava lake activity at Kilauea
Two types of lava lakes have been recognised at Kilauea: active lava lakes which are 
linked directly to the feeding magma column and inactive lava lakes formed by passive 
ponding of magma within pre-existing pit craters (Tilling et al., 1987). The presence 
of active lava lakes complicates the definition of eruption duration, especially when 
they exist for several years. Previous studies have used distinct outbreaks or major 
phases of increased activity in an existing lava lake as separate eruptions (Klein, 1982). 
However, this may generate a bias in the data toward larger eruptions, on the grounds 
that smaller eruptions, that would be recognised if a lava lake did not exist, would not 
make a sufficient impact on the lava lake so as to be defined as a distinct outbreak or 
increased activity. Here, the definition of an eruption remains the same even when an 
active lava lake is present (subsection 2.1.1) and the total duration that the active lava 
lake is present is used for the duration of the eruption.
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3.2.3 Additional information on specific eruptions at Kilauea
The first eruption in Table 3.2 has an exceptionally long duration of 36,890 days (~101 
years). This was a sustained summit eruption dominated by lava lake activity starting in 
1823 and ending in 1924 (Dzurisin et al., 1984; Holcomb, 1987; Peterson and Moore, 
1987). Whether eruptive activity was constant throughout this eruptive period is diffi­
cult to discern. The period 1894-1907 is described by Holcomb (1987) as ‘13 years of 
dormancy and very subdued episodic activity’ and Peterson and Moore (1987) attempt 
to break this period into distinct episodes of Halemaumau overflows and/or caldera 
fissure outbreaks. However, it is evident that some activity was continuing at this time 
and here we report a single, sustained eruption starting in 1823 and ending in 1924 
(treating both according to the ‘nearest year’ category of Table 2.1). It is therefore not 
separated into individual episodes. As such, any separately reported summit eruptions 
for the time period covered by this eruption are not reported separately but are con­
sidered part of this eruption. In contrast, eruptions from either the ERZ or SWRZ that 
occurred during this 101 year period are reported separately and thus their durations 
are used in this study (# 2-5, Table 3.2).
A series of eruptions are reported for the ERZ in 1955. While Klein (1982) and Peter­
son and Moore (1987) report an 88 day eruption starting on 28 February 1955, Wadge
(1981) separates this into three eruptions; 28 February-6 March, 6 March-7 April and 
24 April-26 May. The period of quiescences between the first and second of these erup­
tions is < 10 days, and therefore these have been combined here as a single eruption 
(#14 Table 3.2), however, the break in activity between the second and third eruption is 
>10 days and therefore, using the definition of eruption duration outlined in subsection 
2.1.1, this eruption is considered separately (#15, Table 3.2).
The 1959 eruption of Kilauea Iki (# 16, Table 3.2) is reported to start on 14 November 
1959 and end on 20 December 1959. 36 days exist between these two dates, how-
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ever, Wadge (1981) reports only a 14 day period of magma effusion for this eruption. 
Closer inspection of the volcanic activity during this time reveals that it consisted of 17 
eruptive phases (Macdonald, 1962; Richter et al., 1970; Wadge, 1981; Dzurisin et al., 
1984), however, repose periods between these phases are all < 10 days (Macdonald, 
1962; Richter et al., 1970). Therefore a single eruption is reported here with a preferred 
eruption duration of 36 days.
Similarly the 1967-1968 summit eruption (# 26, Table 3.2) is reported to start on 5 
November 1959 and end on 13 July 1968. Although Wadge (1981) reports only a 204 
day duration for this eruption Kinoshita et al. (1969) describe this activity as 250 days 
of returned lava lake activity to the Halemaumau summit crater. They recognise 31 
eruptive phases within this 250 day period, however, an active lava lake at the summit 
was present throughout and these phases represent heightened activity or overflows 
(Kinoshita et al., 1969; Nicholls and Stout, 1988). Given the definition of eruption 
duration and the method of dealing with lava lakes this eruption is reported here as a 
single eruption with a preferred eruption duration of 250 days.
The precise onset of the 1972-1974 eruption (# 33, Table 3.2) was not observed but is 
inferred as starting in early February 1972 and ending on 22 July 1974 (Tilling et al., 
1987). Detailed descriptions of this eruption indicate that although the majority of ac­
tivity was from the Mauna Ulu-Alae area, there was an outburst of activity near Pauahi 
and Hiiaka craters on 5 May 1973 and a month long eruption at Pauahi from Novem­
ber to December 1973 (Wadge, 1981; Klein, 1982; Peterson and Moore, 1987; Tilling 
et al., 1987). These other vents are situated very close to Mauna Ulu (Fig. 1.2) and 
prior to the Pauahi eruption lava was observed draining from the Mauna Ulu lava lake 
suggesting that some connection between the plumbing system of these vents exists 
(Tilling et al., 1987). This eruption is therefore treated here as a single event.
A 3 day summit eruption starting on 19 July 1974 is reported by Wadge (1981), Klein 
(1982), Peterson and Moore (1987) and Lockwood et al. (1999). Although the dates of
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this eruption overlap with the end of the 1972-1974 Mauna Ulu eruption (# 33, Table
3.2) it is included here as a separate eruption due to its different source location (# 35, 
Table 3.2).
The 19 September 1974 eruption (# 35, Table 3.2) is often reported with a short dura­
tion of approximately 1 day (Wadge, 1981; Klein, 1982; Peterson and Moore, 1987). 
While Lockwood et al. (1999) state that active fire fountaining ended in the afternoon 
of 19 September 1974 they also describe irregular overturning of the lava lake crust un­
til 22 September 1974. This implies that the lava lake was still active and the later end 
date of 22 September 1974 is used here to give a preferred duration of 3 days.
3.2.4 Volume data for eruptions from Kilauea
Lava volumes of the eruptions of Kilauea used in this study are taken from Klein
(1982). It is unclear what method Klein (1982) used to obtain these volume measure­
ments, however, the volume data for Kilauea is largely assumed to be accurate, espe­
cially for eruptions since 1970. The sustained summit eruption of July 1823 (#1, Table
3.2) is reported here as ending in July 1924 and as such overlaps with shorter erup­
tions from the ERZ and SWRZ. To simplify the volume investigations of this study, 
volumes are reported here for eruptions which occurred after the end of the 1823 erup­
tion, and therefore the July 1927 summit eruption (#6, Table 3.2) is the first eruption 
with volume information reported here.
Volumes are not provided for the two 1955 eruptions in Table 3.2 (#14 and #15) due 
to them being included as one eruption in Peterson and Moore (1987) (see subsection 
3.2.3) and therefore the proportion of lava erupted during each phase separately is 
unknown and cannot be reported here.
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3.2.5 The completeness of the eruption record at Kilauea
Klein (1982) states that the eruption record is ‘certainly complete’ after the estab­
lishment of the Hawaiian Volcano Observatory in 1912. Fig. 3.3a plots cumulative 
eruption number against eruption start year for the 50 eruptions reported for Kilauea 
between 1750 and 1983 and Fig. 3.3b plots this data at 50 year intervals showing the 
proportion of eruptions excluded from the study due to insufficient information regard­
ing their durations. The scarcity of eruptions prior to 1912 and the sharp increase in the 
number of documented eruptions after it demonstrate the importance of the Hawaiian 
Volcano Observatory in reporting these eruptions.
Whether the eruption record can be considered complete is debatable. The near con­
stant gradient of Fig. 3.3a and the exclusion of only 1 eruption following 1912 certainly 
supports this notion. However, it is unrealistic to assume that advancements in tech­
nology and monitoring equipment since 1912 have had little effect on the reporting 
of volcanic eruptions at Kilauea. Dzurisin et al. (1984) suggests that a more modem 
approach to monitoring volcanic activity began in the late 1950’s and the number of 
eruptions reported in the period 1950-1983 is over three times greater than that for the 
period 1900-1949 (Fig. 3.3b). Furthermore, Fig. 3.3c shows an increase in the num­
ber of short duration emptions reported following the large 1959 eruption. The new 
monitoring techniques established in the 1950’s may have led to the better detection 
of small emptions and it is therefore entirely possible that the earlier eruption record 
contains a reporting bias towards longer duration emptions.
On a global scale fewer emptions are reported during times of war, when human atten­
tion is directed elsewhere (Simkin, 1993; Siebert et al., 2010). A period of quiescence 
at Kilauea can be observed between 1935 and 1951 (Fig. 3.3a), which coincides with 
World War II and it is therefore possible that this is a reporting bias. However, this 
absence of reported emptions has not been attributed to World War II in the past and
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Fig. 3.3 (a) Plot of cumulative eruption number against eruption start year for the 50 
eruptions reported between 1750-1983 and (b) the same data displayed as a bar plot at 
50 year intervals separated into eruptions included and excluded from this study, (c) 
Plot of eruption duration (on a log scale) against start year for the eruptions within 
Table 3.2 separated into the three sectors identified in Fig. 1.2 (S = Summit, ERZ = 
East Rift Zone and SWRZ = South West Rift Zone). Vertical dashed lines in plots a 
and c represent the years 1912 and 1959
this abnormally long repose interval is included in the analyses of Klein (1982). Fur­
thermore, it correlates with a period of increased activity at Mauna Loa and previous 
studies have indicated a connection between the volcanic activity of these two volca­
noes such that during periods of heightened activity at one, the other shows reduced 
activity and fewer eruptions. This repose interval is therefore treated as a real artefact 
of the data and is included in the repose analyses of Kilauea in Chapter 6.
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Despite the possible reporting biases prior to 1959 the evidence for a near complete 
record of eruptions following 1912 cannot be ignored. It is possible that the increased 
proportion of short duration eruptions after 1959 is not due to reporting biases but 
reflects some change in the physical properties of Kilauea’s volcanic system. The 
1912-1983 dataset of historic eruptions at Kilauea is therefore used in the remainder of 
this study but the distribution of eruption durations before and after 1959 is investigated 
thoroughly in Chapter 4.
3.3 Available data for Piton de la Foumaise (PdlF)
3.3.1 The eruption duration dataset of PdlF
A catalogue of historic eruptions from 1644 to 2011 was collated from the existing 
literature for PdlF. The initial dataset contained 267 volcanic eruptions (included in 
Appendix C) which were then critically assessed according to the methods described 
in section 2.1. The comprehensive catalogues of historic eruptions within Stieltjes and 
Moutou (1989) and Peltier et al. (2009) were relied on heavily during this critical exam­
ination and given the limited information available for the early historical record many 
eruptions prior to 1966 rely entirely on the information within Stieltjes and Moutou 
(1989). More information is available for eruptions following 1966 and as such a more 
thorough critical assessment has been conducted for these eruptions.
This process of critical assessment resulted in 172 eruptions with reliable durations 
carrying acceptably small duration uncertainties (section 2.1). These eruptions are 
reported in Table 3.3 and are used in the duration analyses of this study.
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3.3.2 Location, volume and petrological data for eruptions from 
PdlF
The information within Peltier et al. (2009) has been used to determine approximate 
vent/fissure location for the eruptions in the period 1972-2007. Alternative sources 
were used for the six more recent eruptions in the period 2008-2011. These erup­
tions have been separated into three spatial groups; summit eruptions (from Dolomieu 
Crater), proximal eruptions from within Enclos Fouque Caldera and distal eruptions 
from outside the Enclos Fouque Caldera or within the Plaines des Osmondes (Fig.
1.3).
Erupted lava volumes and types are also taken from Peltier et al. (2009). It is unclear 
what method Peltier et al. (2009) used to obtain these volume measurements, however, 
they are assumed to be bulk deposit volumes. Due to the thorough nature of Peltier 
et al. (2009) the eruptions of Table 3.3 are often split into smaller eruption episodes, 
each with their own erupted volumes. Here the appropriate volumes are combined to 
provide the total volume of lava erupted during the period of a single eruption in Table 
3.3. In contrast, the volume reported for the October 1972 eruption (#107, Table 3.3) 
is that erupted during the eruption’s main phases (10 October 1972 to 10 December 
1972) and does not include the initial short eruption on the 8 October 1972 for which 
a small lava flow is reported by Stieltjes and Moutou (1989) but not included in the 
catalogue of Peltier et al. (2009).
Eruptions in the period 1972-2007 have been separated into three groups based on the 
petrology of their lavas, and the classification of Peltier et al. (2009).
Peltier et al. (2009) identified three petrological groups in the 1972-2007 historical 
eruption data of PdlF; poorly-phyric lavas (PP) with <5 % phenocrysts, olivine-rich 
basalts (OR) with 10 - 20 % olivine crystals and oceanites (O) with > 20 % olivine
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crystals. Variations in petrology have the potential to alter magma viscosity prior to and 
during eruption, which may have an important control effect on eruption duration. The 
clearly defined petrological variation at pdlF has led to the inclusion of this information 
in Table 3.3 and in some analyses performed on the eruption duration data for this 
volcanic system in this thesis.
3.3.3 Additional information on specific eruptions from PdlF
The highly active nature of PdlF often results in numerous eruptions occurring in the 
same year and sometimes even in the same month. Given the varying definitions of 
eruption duration in the existing literature this can lead to discrepancies between pre­
existing catalogues and the dataset compiled for this study. The November 1810, De­
cember 1938, October 1972, December 1975, February 1981, December 1983, May 
2003 and March 2007 eruptions (#10, #74, #107, #112 #119, #120, #152 and #166, 
Table 3.3) have all previously been documented as a series of eruptive phases, how­
ever, close inspection of the literature pertaining to them demonstrate that these phases 
either overlap in time or have periods of inactivity between them of < 10 days (specific 
information for each eruption is included within Appendix C).
Some discrepancy regarding the end date of the August 1988 eruption (#136, Table
3.3) exists in the literature. Here 12 September 1988 is used reported by Peltier et al. 
(2009), however, Boivin and Bachelery (2009) report this eruption ending on 26 Oc­
tober 1988. The Smithsonian Institution’s monthly report (SEAN 13:09) describes 
strong degassing following the end of the eruption in September and that this degassing 
continued into October. Here the later date reported by Boivin and Bachelery (2009) 
is believed to represent the end of the degassing and not the end of the actual erup­
tion.
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3.3.4 The completeness of the eruption record at PdlF
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Fig. 3.4 (a) Plot of cumulative eruption number against eruption start year for the 267 
eruptions reported between 1644 and 2011 and (b) a larger version of this plot for 
the period 1900-2011. (c) Bar plot showing the frequency of eruptions reported at 50 
year intervals separated into eruptions included and excluded from the study. Vertical 
dashed lines in plots a and b represent the years 1911, 1956 and 1980
An extensive historical record is available for PdlF and it is the largest dataset consid­
ered in this study. A gradual increase in the number of reported eruptions with time 
can be observed in Fig. 3.4a with very few eruptions reported prior to 1750. A plot 
restricted to the period 1900-2011 identifies two 6 year periods of repose (1966-1972 
and 1992-1998) that have been recognised in previous studies (Fig. 3.4b) and are be­
lieved to be a true representation of volcanic activity at PdlF and not an artefact of
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reporting (Peltier et al., 2009).
Fig. 3.4c shows how this increasing eruption frequency is accompanied by an increase 
in the number of eruptions with known durations. This is particularly evident for the 
period 1950-2011, with only four eruptions being excluded due to insufficient dura­
tion data, all of which occurred in the period 1950-1956. Despite the clear evidence 
for an eruption record improving with time it is difficult to determine when it can be 
considered complete.
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Fig. 3.5 Plots of eruption duration (on a log scale) against start year for (a) all the 
eruptions within Table 3.3 and (b) eruptions in the period 1972-2011 categorised by 
location. In (a) vertical dashed lines represent the years 1911, 1956 and 1980, in (b) 
vertical dashed line represents the year 1980.
In terms of reporting, two events during the 20th Century may be important; 1911 when 
the first geological observations at PdlF were made and 1980 when the Observatoire 
Volcanologique was introduced. Fig. 3.5 plots eruption start year against duration for 
the eruptions within Table 3.3. Although little variation in reported eruption duration 
can be seen following 1911, an increase in the number of eruptions with hourly res­
olution data can be observed following 1980 most probably due to the Observatoire 
Volcanologique’s increased monitoring and seismic network.
Plots of eruption duration against time at PdlF (for the entire dataset (Fig. 3.5a) and
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Fig. 3.6 Empirical survivor function curves for eruption durations reported at PdlF in 
the periods 1644-1910, 1911-1979 and 1980-2011
with data restricted to the period with location information and categorised as such 
(Fig. 3.5b) do not show evidence of reporting biases. To assess whether the increased 
interest and monitoring of volcanic activity in 1911 and 1980 have had any effect 
on the distribution of reported eruption durations at PdlF significance tests have been 
performed (Table 3.4). Empirical survivor function curves for the periods 1644-1910, 
1911-1979 and 1980-2011 are displayed in Fig. 3.6. The distribution of eruption 
duration for the periods 1911-1979 and 1980-2011 are found to be statistically similar, 
suggesting that the introduction of the Observatoire Volcanologique had little effect on 
the overall distribution of eruption durations reported. However, when the distribution 
of eruption durations for the period 1911-2011 is compared to that of 1644-1910 the 
three significance tests all yield p-values of < 0.05 implying that they are statistically 
different at the 0.05 level. A dataset of historic eruptions for the period 1911-2011 
from PdlF will therefore be used in the remainder of the analyses of this study.
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Table 3.4: Logrank, Mann-Whitney and t-test results assessing the effect of reporting bias on 
the distribution of eruption duration at PdlF
Data Logrank Mann-Whitney t-test
A (n=7 1 )  ® (n=5 4 )  
C (n_4 7 )  D (n—1 2 5 )
p  = 0.337 p  = 0.363 
p  = 0.020 * p  = 0.031 *
p  = 0.600
p  = 0.040 *
A = 1911-1979, B = 1980-2011, C = 1644-1910, D = 1911-2011.
★ = s i g n i f i c a n t  a t  a 0.05 l e v e l ,  • = m o d e r a t e  s i g n i f i c a n c e  (p-v a l u e  = 
t-t e s t  a p p l i e d  t o  t h e  l o g s  o f  t h e  d a t a .
0.05-0.1).
3.4 Available data for Iceland
Whereas the other datasets investigated in this study represent single volcanic systems 
with relatively consistent eruption styles, Iceland is a volcanic region with 30 identified 
volcanic systems erupting each varying in the chemistry of erupted products and the 
style of volcanic activity that they produce (subsection 1.3.4). As a result eruptions on 
Iceland cannot be treated equally or as a single eruption duration dataset. Instead it 
provides an opportunity to assess the duration of different types and styles of volcanic 
activity and variations on a regional scale.
3.4.1 Duration types identified on Iceland
Six broad eruption types have been identified in the historical record of Iceland based 
on the chemical composition of their eruptive products, style of volcanic activity and 
whether the eruption is temporally discrete or part of a longer eruptive sequence (Fig.
3.7). Each eruption type can be described by one or more duration leading the the 
classification scheme portrayed in Fig. 3.7 and used for the Icelandic eruption data 
throughout this thesis.
In Iceland, eruptions of intermediate and felsic magma typically start with a Plinian 
or sub-plinian explosive phase, which either ends abruptly or evolves into mild explo­
sive behaviour and then into effusive behaviour. In the Icelandic volcanology litera-
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ture these are known as explosive and mixed eruptions respectively (Thordarson and 
Larsen, 2007). We denote the duration of a single explosive eruption as di (Fig. 3.7). 
If a series of two or more discrete explosive eruptions occur then the duration of the 
entire explosive sequence is denoted as d2 (Fig. 3.7). Mixed eruptions begin with an 
explosive phase of duration J 3o leading into an effusive phase of duration d ^ , and have 
an entire duration d± (Fig. 3.7). Where a succession of two or more of these mixed 
eruptions occur then the total duration of that eruptive sequence is denoted as d5 (Fig.
3.7).
The explosivity of eruptions of mafic magmas in Iceland (basalt sensu lato) is heavily 
influenced by the degree to which external water interacts with the magma (Vogfjord 
et al., 2005). Eruptions through seawater, groundwater or ice can favour violent ex­
plosive phreatomagmatic eruptions of basaltic magma which would otherwise erupt in 
an effusive style or with Hawaiian fire-fountaining or Strombolian activity if the vent 
had been dry. This reflects a more general point that the phenomena used to classify 
the style of an eruption are often determined by conditions in or just below the vent, 
whereas the processes that determine eruption duration are likely to be associated with 
deeper sub-surface aspects of the system such as those controlling the rate at which 
over-pressure is released from a magma chamber. The duration of a single continuous 
eruption of basalt is designated d§ (Fig. 3.7) irrespective of the detailed eruptive style. 
Sequences of basaltic eruptions (‘fires’) lasting several years are common on Iceland 
during prolonged rifting events (Thordarson and Larsen, 2007) and the total duration 
of a period of fires is denoted as d7 (Fig. 3.7). It is worth noting that the duration of 
individual basaltic eruptions within a longer eruptive sequence are designated d6.
I l l
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Fig. 3.7 Schematic diagram showing six different eruption types identified within the 
Iceland dataset and the durations which describe them. These depend on the chemi­
cal composition of the magma, the temporal resolution of the activity and its eruptive 
style. Non-basaltic eruptions are separated into phases of explosive and effusive ac­
tivity (dark and pale shades respectively). Such segregation is considered unnecessary 
for basaltic eruptions. In each scenario the black arrow represents time
3.4.2 The eruption duration dataset of Iceland
A catalogue of historic eruption durations dating back to 1300 AD was collated from 
the primary literature for Iceland. Eruptions from the Bardarbunga volcanic system 
were excluded due to uncertainties about their location, duration or status as a true 
eruption. The initial dataset contained 163 eruptions (listed in Appendix D) which 
were then critically assessed according to the methods described in subsection 2.1.2, 
leaving a dataset of 54 eruptions with durations that were considered reliable and car­
rying acceptably small duration uncertainties (subsection 2.1.2).
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Table 3.5 includes eruptions from the eight volcanic systems (Askja, Eyjafjallajokull, 
Grfmsvotn, Hekla, Katla, Krafla, Oraefajokull and Vestmannaeyjar) outlined in sub­
section 1.3.4 and shown in blue on Fig. 1.4. Eruptions from a further four volcanic 
systems (Brennisteinfjoll, Krysuvfk, Kverkfjoll and Torfajokull) have erupted histor­
ically by were excluded due to insufficient information regarding their eruption start 
and/or end dates.
Eruptions were classified according to the scheme in Figure 3.7 on the basis of magma 
composition and the way in which the eruption progressed. Thus the durations of single 
basaltic eruptions were equated to dG whereas the durations of all other eruptions were 
described by one or more of the parameters di to d5 depending on the descriptions of 
the eruptions or their deposits. The total durations of Fires (d7) were taken from Thor­
darson and Larsen (2007) and in some cases refined from known eruption dates. These 
are displayed in Tables 3.5 (di-ds) and 3.6 (d7). Eruptions that involved mixed or hy­
brid magmas between basaltic and non-basaltic compositions (Askja March 1875, Ey- 
jafjallajokull April 2010; #19 and #53 in Table 3.5 respectively) were treated as ‘non- 
basaltic’. This enables the set of basaltic eruptions d6 to only contain eruptions whose 
energetics were unlikely to involve the complex time-dependent changes in viscosity 
or gas exsolution that can be anticipated to occur during mixed magma eruptions. Ap­
pendix D contains information about the duration type of each eruption including the 
source used for information regarding magma composition.
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Footnote for Table 3.5 continued...
Grey numbers represent the following references: 1 Thorarinsson (1967a), 2 Thorarinsson et al. (1970), 
3 Forarinsson (1974), 4 Thorarinsson (1958), 5 Thorarinsson (1979), 6 Eliasson et al. (2006), 7 Forarins- 
son (1975), 8 Thordarson and Self (1993), 9 Thordarson and Self (2003), 10 Thordarson et al. (2003), 
11 Larsen (1999), 12 Gronvold et al. (1983), 13 Sigurdsson and Sparks (1978), 14 Sparks et al. (1981), 
15 Sigurdsson and Sparks (1981), 16 Thorarinsson and Sigvaldason (1962), 17 Lupi et al. (2011), 18 
Carey et al. (2010),19 Hartley and Thordarson (2013), 20 Thoroddsen (1925), 21 GrimsstaQir (1875), 22 
Gudmundsson (2005), 23 Forarinsson (1950), 24 Forarinsson (1954), 25 Forarinsson (1976), 26 Einars- 
son (1949), 27 Thorarinsson (1967c), 28 Thordarson and Sigmarsson (2009), 29 Sturkell et al. (2009), 
30 Thorarinsson (1965), 31 Thorarinsson (1966), 32 Thorarinsson (1967b), 33 Thorarinsson (1968), 34 
Tryggvason (1994), 35 Thorarinsson et al. (1973), 36 Einarsson and Boucher (1974),37 Olafsson (1975), 
38 Jakobsson et al. (2008), 39 Einarsson (1991), 40 Harris et al. (2000), 41 Bjomsson et al. (1979), 
42 Brandsdottir and Einarsson (1979), 43 Tryggvason (1980), 44 Tryggvason (1984), 45 Gronvold and 
Johannesson (1984), 4b Einarsson and Brandsdottir (1984), 47 Rossi (1997), 48 Gudmundsson et al. 
(1992), 49 Larsen et al. (1992), 50 Haraldsson and Olafsdottir (2002), 51 Soosalu et al. (2003), 52 Einars­
son et al. (1997), 53 Gudmundsson et al. (1997), 04 Sigmarsson et al. (2000), 5;j Steinthorsson et al. 
(2000), 56 Gudmundsson et al. (2004), 57 Haraldsson et al. (2002), 58 Olafsdottir et al. (2002), 59 
Hoskuldsson et al. (2007), 60 Vogfjord et al. (2005), 61 Witham et al. (2007), 62 Jude-Eton et al. (2012), 
63 Sigmundsson et al. (2010), 94 Donovan and Oppenheimer (2011), 65 Sigmarsson et al. (2011), GG 
Edwards et al. (2012), 67 Gudmundsson et al. (2012), 68 Gudmundsson et al. (2010), 09 Arason et al. 
(2011), 70 Stevenson et al. (2012), 71 Karlsdottir et al. (2012), 72 Woodhouse et al. (2013), 73 Tesche 
et al. (2012).
3.4.3 Additional information on specific eruptions from Icelandic 
volcanic systems
Contemporary reports and tephrachronological investigations of the 1636 Hekla erup­
tion (#4, Table 3.5) indicate that its initial phase was not particularly explosive and 
as such the volume of tephra produced was considerably less (20 x 106 m3 as DRE) 
than other mixed eruptions from Hekla (Thorarinsson, 1967a). The tephra that was 
produced has a S i02 content of 58.28 wt % (Thorarinsson, 1967a). Thordarson and 
Larsen (2007) classify the 1636 eruption as a mixed eruption from Hekla, and this in
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Table 3.6: Icelandic fires with known durations (dj)
ID Fire Name Start Date End Date
Duration
(days) (years) U/C
A Eldja 01-07-934 1 ;2 01-07-940 2 2192 6.0 ±365
B Myvatnseldar 01-07-1724 1 01-07-1729 1 1826 5.0 ±365
C Laki 08-06-1783 3 26-05-1785 1 ;3 718 2.0 ±1
D Trollahraun 01-07-1862 1 :4 01-07-1864 1 ; 4 731 2.0 ±365
E Askja 01-01-1875 5 20-10-1875 5 292 0.8 ±1
F Askja Fires 01-07-1921 1 01-07-1929 1 2922 8.0 ±365
G Surtsey 06-11-1963 6 ;7 05-06-1967 6 ;8 ;9 1307 3.6 ±1
H Krafla Fires 20-12-1975 1 18-09-1984 1 3195 8.8 ±1
U/C represents the maximum possible duration uncertainty (in days) assigned according to the 
method in Table 2.1.
Grey numbers following dates represent the following references: 1 Thordarson and Larsen (2007),
2 Thordarson et al. (2001), 3 Thordarson and Self (1993), 4 Jonsson et al. (1997), 5 Sparks et al. 
(1981), 6 Thorarinsson (1967c), 7 Thordarson and Sigmarsson (2009), 8 Thorarinsson (1967b), 9 
Thorarinsson (1968).
conjunction with the non-basaltic nature of the tephra produced has led to the same 
classification being adopted here. A duration for the initial explosive phase of the 
eruption however is not provided.
The course of the basaltic 1783-1784 Laki eruption of Grimsvotn has been recon­
structed from remarkable eye witness accounts and geological studies of the deposits 
(Thordarson and Self, 1993; Thordarson et al., 2003; Thordarson and Self, 2003). The 
fissure eruption occurred from migrating vents between 8 June 1783 and 7 February 
1784 (#11, Table 3.5) with activity waxing and waning between periods of high lava 
fountaining and subdued lava effusion. This, along with descriptions of earthquake 
occurrences, allows the activity to be split into episodes of heightened eruptive activ­
ity (Thordarson and Self, 1993; Thordarson et al., 2003). Nonetheless, the historical 
accounts strongly suggest that magma discharge was continuous throughout the 244 
days, albeit at highly variable rates (Thordarson et al., 2003) and we suspect that any 
breaks in activity lasted less than 10 days. As a result, the Laki event is considered to 
be a single basaltic eruption with a (d6) duration of 244 days.
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At least six eruptions from Grfmsvotn central volcano occurred during the Laki fissure 
eruption and two followed shortly after (Thordarson et al., 2003; Thordarson and Self, 
2003). We include these in a period of fires at the Grfmsvotn system lasting from the 
start of the Laki eruption (8 June 1783) until 26 May 1785 (a total of 718 days listed 
as d-j in Table 3.6).
Some uncertainty surrounds the nature of the 1821-1823 eruption of Eyjafjallajokull 
(#12, Table 3.5), which produced several distinct tephra fall deposits of trachytic to rhy- 
olitic composition in three 1 to 25 day bursts (Larsen, 1999; Larsen et al., 1999; Karls- 
dottir et al., 2012). This suggests that the eruption consisted of either a sequence of 
explosive eruptions (d2 = 427 days) or was a mixed eruption, with prolonged, unrecog­
nised effusive activity disrupted by intermittent phreatomagmatic explosions driven by 
the sub-glacial setting of the vent {d± = 427 days). Although both interpretations are 
feasible, the former interpretation is more reasonable given the apparent lack of a major 
opening explosive phase that characterises mixed eruptions (as defined by Thordarson 
and Larsen (2007)).
A period of fires is reported for Askja in 1875 and its total duration is listed as dq in 
Table 3.6. Two eruptive phases within this sequence of eruptions occurred in March 
1875, the first of these produced basaltic fire fountains and lava, whereas the latter was 
a rhyolite and mixed basalt Plinian eruption lasting only one day (Thorarinsson, 1958; 
Thorarinsson and Sigvaldason, 1962; Sigurdsson and Sparks, 1978; Sparks et al., 1981; 
Carey et al., 2010; Lupi et al., 2011; Hartley and Thordarson, 2013). The different 
styles of activity of these two eruptions have led us to classify them as a single basaltic 
eruption with a d§ duration of 13 days and a single explosive eruption with a d\ duration 
of 0.5 days respectively. They are therefore included in Table 3.5 as two separate 
eruptions (#18 and #19) despite the period of quiescence between the two being less 
than 10 days.
Table 3.5 includes the inferred sub-glacial eruption of Katla in 1955 (#28) on the basis
121
CHAPTER 3. DATASET COMPILATION
of the pattern of jokulhlaup, seismic and ice-deflation activity (Gudmundsson, 2005). 
This is generally accepted as a definite basaltic eruption but less distinctive episodes 
of unrest at Katla on 18 July 1999 (Sturkell, 2003) and 9 July 2011 (Ofeigsson et al., 
2011) are still a matter of debate and are therefore not included in Table 3.5 (Dugmore 
et al., 2013).
The 1963-1967 eruption of Vestmannaeyjar started on the ocean bottom and the vents 
shifted between various submarine and surface locations, with the style and vigour of 
eruptions changing through time (Thorarinsson, 1967b; Thordarson and Sigmarsson,
2009). Close inspection of historical records suggest that the eruption can be split into 
three eruptive phases; 6 November 1963 to 30 April 1964, 9 June 1964 to 17 October 
1965 and 26 December 1965 to 5 June 1967. Each of these is separated by a period of 
quiescence of longer than 10 days and they are therefore included in Table 3.5 as three 
separate eruptions (#30, #31 and #32), rather than as a period of continuous magma 
effusion with a dQ duration of 1307 days. An alternative view (Thordarson and Larsen, 
2007) is that the activity represents a fire event with duration 1307 days, we include 
this in our d7 dataset.
The 1973 (Eldfell; #34, Table 3.5) eruption of Vestmannaeyjar produced hawaiite, tra- 
chybasalt and basalt. Previous authors have proposed that this eruption belongs in the 
mixed eruption category due to its products containing a relatively high proportion 
of tephra (Thorarinsson et al., 1973; Jakobsson, 1979; Furman et al., 1991; Thordar­
son and Larsen, 2007). However, the eruption lacked the initial sub-Plinian or Plinian 
phase which characterises the archetypal mixed eruptions recognised at Hekla and dis­
played fire-fountaining, Strombolian and effusive behaviours (with superimposed Surt- 
seyan activity when the vents were below sea level) typical of basaltic eruptions. This 
eruption is therefore assigned to the single basaltic eruption category and its duration 
is given a d6 value.
The Gjdlp-1996 eruption (#48, Table 3.5) occurred at a fissure under the Vatnajokull
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icecap between the Grfmsvotn and Bardarbunga volcanic systems and, as a result, some 
debate exists over which volcanic system the eruption can be accredited to (Einarsson 
et al., 1997; Gudmundsson et al., 1997, 2004; Sigmarsson et al., 2000; Steinthorsson 
et al., 2000; Gudmundsson, 2005). All of the premonitory activity was in Bardarbunga 
and there was no deflation of the Grfmsvotn system during the eruption, a feature that 
accompanied the 1998, 2004 and 2011 Grfmsvotn eruptions (Einarsson et al., 1997; 
Sigmarsson et al., 2000; Pagli et al., 2007). In contrast, the isotopic and trace ele­
ment signature of the eruptive products are more closely related to the Grfmsvotn vol­
canic system (Sigmarsson et al., 2000). To account for this uncertainty this eruption 
is referred to as Gjalp in this study and is not assigned to a specific volcanic system. 
Although the eruptive products had 52-53 wt% S i02 and were therefore not basalt 
sensu stricto (Sigmarsson et al., 2000; Steinthorsson et al., 2000) the eruption was not 
notably different from eruptions of magma with S i02 contents less than 52 wt% and 
therefore here this eruption is considered a single basaltic eruption and its duration is 
given a d§ value.
The 2010 Eyjafjallajokull activity is comprised of two eruptions; the first from the 
Fimmvoruduhals flank fissure commencing on 20 March 2010 and the second from 
EyjafjallajdkulTs summit commencing on 14 April 2010. Despite the period of in­
activity between these two eruptions being less than 2 days, they are kept as separate 
eruptions in this study due to their clearly very different locations, magma composition 
and eruption styles (#53 and #54, Table 3.5).
The summit eruption of Eyjafjallajokull (#53, Table 3.5) was intensely monitored 
throughout, yet some uncertainty still exists regarding its end date. Recent publica­
tions favour an end date of 22 May 2010 (Gudmundsson et al., 2010, 2012; Edwards 
et al., 2012; Karlsdottir et al., 2012; Stevenson et al., 2012; Woodhouse et al., 2013) 
and thus indicate a duration of continuous activity of 38 days. However, less energetic 
explosive activity involving minimal magma and generating limited ash fall (Edwards
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et al., 2012; Gudmundsson et al., 2012; Karlsdottir et al., 2012) occurred at the vent 
in June and continued until 11 June 2010 when the Nordic Volcanological Institution’s 
activity report (Nordic Volcanological Center, 2013) stated that ‘no magma is being 
erupted’ and that activity at the vent was ‘confined to steaming’. If the total dura­
tion of the Eyjafjallajokull summit eruption is considered to include this longer period 
of activity the resultant duration would be extended to 58 days. Given the wealth of 
publications quoting the shorter duration and our definition that eruptions separated 
by periods of quiescence of longer than 10 days are classified as separate eruptions a 
duration of 38 days is also used here.
The 2010 Eyjafjallajokull summit eruption produced trachyandesites formed by mix­
ing basaltic and silicic magmas (Sigmarsson et al., 2011). Gudmundsson et al. (2012) 
and Karlsdottir et al. (2012) provide good descriptions of the activity throughout this 
eruption, and recognise four phases of differing activity. The initial four days of the 
eruption was characterised by explosive activity most probably augmented by ice in­
teraction (Sammonds et al., 2010; Sigmundsson et al., 2010; Arason et al., 2011; Gud­
mundsson et al., 2012; Karlsdottir et al., 2012; Stevenson et al., 2012). This was fol­
lowed by a dominantly effusive phase before a second explosive phase lasting from 
5 to 17 May 2010 (Gudmundsson et al., 2012; Karlsdottir et al., 2012; Woodhouse 
et al., 2013). The transition of explosive to effusive activity is characteristic of mixed 
eruptions, however, here the presence of a second explosive phase indicates that this 
eruption may represent a sequence of mixed eruptions with total duration d5.
3.4.4 The completeness of the Icelandic eruption record
Iceland is a small country with few people, many of whom live along the coast. As 
a result, the interior of the country is remote and volcanic activity from volcanic sys­
tems situated there is poorly known. Furthermore, for sub-glacial volcanoes, it takes
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a substantial eruption to break through the overlying ice, and often this is the neces­
sary evidence required to be certain that an eruption occurred (Larsen, 2002; Vogfjord 
et al., 2005). Even when the occurrence of a volcanic eruption is known, information 
regarding its duration may not have been available or recorded. Fig. 3.8a shows the 
population of Iceland on 1 January every 5 years for the period 1735-2010 (data from 
Statistics Iceland (2013)) demonstrating its increasing population especially through 
the 20th century.
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Fig. 3.8 (a) Plot of Icelandic population against Year (data from Statistics Iceland 
(2013)) Vertical dashed line represents the year 1900. (b) Plot of cumulative erup­
tion number against eruption start year of all 163 eruptions reported between 1300 and 
2012. Vertical dashed lines represent the years 1600 and 1900, arrows point to peri­
ods of very high eruption frequency, (c) Bar plot showing the frequency of reported 
eruptions in 50 year periods
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Previous authors have suggested that the documentation of eruptions on Iceland began 
to increase after 1600 AD (Thordarson and Larsen, 2007; Thordarson and Hoskulds- 
son, 2008). Fig. 3.8b plots cumulative eruption number against start year for the 163 
eruptions considered in this study while Fig. 3.8c shows the frequency of eruptions 
reported at 50 year intervals and the proportion of those in each case with reliable du­
rations and thus included in Table 3.5. Both plots demonstrate the scarcity of data in 
the period 1300-1599 with only 42 eruptions reported. The frequency of eruptions ap­
pears to increase through 1600-1799, however, the proportion of these eruptions with 
reliable durations is still low (Fig. 3.8b and c).
The period 1900-2011 is characterised by an increasing population (Fig. 3.8a) which 
is reflected in both the frequency of eruptions reported and the proportion of erup­
tions with known durations increasing from 34 % (1600-1899) to 56 % (1900-2011) 
(Fig. 3.8b and c). Furthermore, the excluded eruptions are mainly from the sub-glacial 
volcanic systems of Grfmsvotn and Kverkfjoll and from Askja which is situated in a 
remote region of the central highlands. Despite the increasing overall population of 
Iceland these regions are still poorly populated.
Four periods of very high eruption frequency can be observed in Fig. 3.8b and are 
highlighted by arrows. These represent individual eruptive episodes within longer se­
quences of basaltic eruptions. In particular they refer to Mjwatnseldar (Krafla, 1724- 
1729), Askja (1875), Askja fires (1921-1929) the end of the Krafla fires (1975-1984) 
(B, E, F and H, Table 3.6 respectively).
Fig. 3.9 plots eruption duration against eruption start year. It clearly shows the very 
poor reporting of eruption durations prior to the year 1600 and a gradual increase in 
the range of reported durations since then through to present day. This is particularly 
evident for single basaltic eruptions. Prior to 1900, short basaltic eruptions that would 
have made little impact on surrounding areas are under-represented (Fig. 3.9) reflecting 
an early reporting bias towards larger and more explosive eruptions, particularly in
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Fig. 3.9 Plot of eruption duration (on a log scale) against start year for the eruptions 
within Tables 3.5 and 3.6 separated into the different duration types outlined in Fig. 
3.7. Vertical dashed lines represent the years 1600 and 1900
sparsely populated regions (Thordarson and Larsen, 2007).
The above analyses demonstrate that reporting bias on Iceland is volcano specific and 
is largely determined by the population density of the areas surrounding the volcanic 
system and the style of volcanic activity that it displays. Although advances in geo­
physical monitoring and remote sensing in recent years can be expected to have re­
duced the number of undetected volcanic eruptions at very remote or sub-glacial vol­
canic systems, we still cannot be entirely sure that very small eruptions have not gone 
unnoticed (For example the potential eruption at Katla in July 2011 is still a matter 
of debate). For the purpose of this this study a single year beyond which the eruption 
record for Iceland as a whole can be considered complete is not defined. Instead, the 
entire dataset of eruptions from 1300-2011 will be used in this study and the reporting 
biases that they contain discussed throughout.
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Chapter 4
Investigating the distribution of 
eruption durations at Mt. Etna, 
Kilauea, Piton de la Fournaise and 
Iceland
M t. Etna, 2 0 1 2
Photograph: LGunn
A fundamental assumption of any investigation using historical eruption data as an in­
sight into future activity is that the character of past eruptions is a good indication of 
future activity (Chester et al., 1985; Behncke and Neri, 2003; Behncke et al., 2005; 
Cappello et al., 2013). This chapter considers the appropriateness of this assump­
tion for the data introduced in Chapter 3. It begins by assessing the effect of individ­
ual eruption duration uncertainty on the general distribution of eruption duration and
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then investigating any temporal or spatial variation within each dataset. To determine 
whether any variations are significant Log-rank tests, Mann-Whitney tests and t-tests 
are performed on groups of data using the methods outlined in section 2.2.
4.1 The effect of individual eruption duration uncer­
tainty on the overall distribution of eruption dura­
tion
Every eruption considered in this study carries some duration uncertainty (subsection 
2.1.2). This study often focuses on overall distributions of eruption duration and it is 
important to assess how sensitive these distributions are to the uncertainties associated 
with the individual eruption durations that they contain.
The total duration uncertainty of each eruption is reported in Tables 3.1 (Etna), 3.2 
(Kilauea), 3.3 (PdlF), 3.5 (Iceland and dQ) and 3.6 (Iceland d7) and it is these values 
which are used to calculate the maximum and minimum possible duration of each erup­
tion. Due to the method of uncertainty assignment (subsection 2.1.2) eruptions with 1 
day durations automatically carry duration uncertainties of ±  1 day, and thus the calcu­
lated minimum possible eruption duration is 0 days. For an eruption to have occurred 
it must have a positive duration, therefore where the minimum possible eruption dura­
tion calculated is 0 days a duration of 0.04 days (1 hour) is used for the purpose of this 
investigation.
Fig. 4.1 shows empirical survivor function plots for (a) Etna, (b) Kilauea, (c) PdlF, 
(d) Iceland d4  eruptions, (e) Iceland d6 eruptions and (f) Iceland d7 eruptions. Each 
contains the empirical survivor function curve of their preferred eruption durations 
alongside that for their maximum and minimum possible eruption durations. For Mt.
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Fig. 4.1 Empirical survivor function plots comparing the distribution of preferred erup­
tion durations from (a) Etna (n =  62), (b) Kilauea (n — 41), (c) PdlF (n — 172), (d) 
Iceland d4 eruptions (n = 13), (e) Iceland d6 eruptions (n =  38) and (f) Iceland d7 
eruptions (n =  8) with that of their maximum and minimum possible eruption dura­
tions when uncertainty is taken into account
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Etna and the three Icelandic datasets the overall shapes and positions of these empirical 
survivor functions curves are very similar (Fig. 4.1a, d, e and f). While the same is 
true for the distribution of maximum and preferred eruption durations at Kilauea and 
PdlF (Fig. 4.1b and c), the curves for their minimum possible eruption duration data 
are visually offset at durations of less than a few days.
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Fig. 4.2 Empirical survivor function plot comparing the distribution of preferred erup­
tion durations > 1 day from PdlF with that of their maximum and minimum possible 
eruption durations
This offset is primarily due to the proportion of eruptions with durations of 1 day which 
are not known to the nearest hour. These eruptions carry unavoidably high duration un­
certainties. The Kilauea and PdlF data contain 3 and 19 of these eruptions respectively, 
while Mt. Etna contains only 1 and Iceland does not contain any. The removal of erup­
tions with durations <  1 day at PdlF results in considerably less variation between the 
three empirical survivor function curves (Fig. 4.2).
It is therefore concluded that individual eruption duration uncertainty has a negligible 
effect on the overall distribution of eruption duration. When an effect is observed it 
applies only to durations < 1 0  days and is often a direct result of the conservative 
uncertainty assignment method adopted by this study (subsection 2.1.2). For the re­
mainder preferred values are used for eruption durations and referred to as such.
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4.2 The overall distribution of eruption duration
4.2.1 Mt. Etna: 1600-2010
(a)
LO
CN
O
CNJ
LO
■4—' ___c ^
o
O  o
LO -
O -
Durations < 600 days 
Bins = 20 days 
n = 56
1 1 1 1 1 1
0 100 300 500
Duration (days)
(c)
(b)
o
c
ZD
oO
00 -
co -
^  -
cnj -
o  -
Durations < 100 days 
Bins = 5 days
n = 37
 I------ 1------ 1------ 1------
0 20 40 60 80 100
Duration (days)
o
00
d
cq
d
d
o
d
10~1 10° 101 102 103 104
Duration (days)
Fig. 4.3 The distribution of flank eruption durations at Mt. Etna for the period 1600- 
2010 displayed as histograms of (a) durations <  600 days in 20 day bins and (b) dura­
tions <  100 days in 5 day bins and (c) data displayed as an empirical survivor function 
curve (data from Table 3.1)
Reported flank eruption durations at Mt. Etna for the period 1600-2010 (#5 to #62, 
Table 3.1) range from 0.54 days to 3,653 days with a median duration of 34.5 days. 
A histogram of the data plotted with bins of 20 days identifies a long duration tail to 
the distribution (Fig. 4.3a) with 52 % of eruptions having durations of > 40 days. It is
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worth noting that two eruptions have durations of greater than 600 days (#6 and #10, 
Table 3.1 with durations 3,653 and 896 days respectively). Almost 40 % of the data 
plot within the 0-20 day bin, and when viewed at 5 day bins a slight short duration 
tail to the data can be observed (Fig. 4.3b). Fig. 4.3c displays the empirical survivor 
function curve for this data plotted on a log scale allowing both the long and short 
duration tail of the distribution to be identified.
4.2.2 Kilauea: 1912-1983
Reported eruption durations at Kilauea in the period 1912-1983 (#4 to #41, Table 3.2) 
range from 0.25 days to 900 days with a median duration of 5.5 days. A histogram 
of the data plotted with bins of 20 days clearly identifies a heavy long duration tail to 
the distribution (Fig. 4.4a) with only five eruptions exceeding 50 days, of which two 
exceed 300 days and the limit of this histogram (#31 and #34, Table 3.2 with durations 
874 and 900 days respectively).
A histogram plotted at 2 day bins shows that 31 % of the data have very short durations, 
plotting in the 0-2 day bin (Fig. 4.4b). A slight short duration tail to the distribution 
becomes evident at durations < 1 day when displayed as an empirical survivor function 
curve (Fig. 4.4c).
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Fig. 4.4 The distribution of eruption durations at Kilauea for the period 1912-1983 
displayed as histograms of (a) durations <  300 days in 20 day bins and (b) durations 
<  50 days in 2 day bins and (c) data displayed as an empirical survivor function curve 
(data from Table 3.2)
4.2.3 PdlF: 1911-2011
Reported eruption durations at PdlF in the period 1911-2010 (#48 to #172, Table 3.3) 
range from 0.25 days to 334 days with a median duration of 16 days. A histogram 
of the data plotted with bins of 10 days clearly identifies a heavy long duration tail to 
the distribution (Fig. 4.5a) with one eruption not shown on this plot due to its longer 
duration of 334 days (#87, Table 3.3).
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Fig. 4.5 The distribution of eruption durations at PdlF for the period 1911-2011 dis­
played as histograms of (a) durations <  200 days in 10 day bins and (b) durations <  
80 days in 2 day bins and (c) data displayed as an empirical survivor function curve 
(data from Table 3.3)
The analyses of Stieltjes and Moutou (1989) noted that eruption durations from PdlF 
were generally short and our data supports this with 84 % of the data having durations 
of <  40 days, of which 39 % plot within the 0-10 day bin (Fig. 4.5a). When the data is 
split into 2 day bins a short duration tail to the distribution is not clearly observed but a 
high proportion of the data plots in the 0-2 day bin and is followed by a broad second 
hump in the histogram with a peak at approximately 10-16 days (Fig. 4.5b). Fig. 
4.5c displays the empirical survivor function curve for this data plotted with duration 
on a log scale. The shape of this curve is also atypical with an inverse ’S’ shape
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only being observed at durations > 2 days. This implies a bimodal distribution to the 
duration data at PdlF, with not only eruptions with durations around the median of 
the data being common but also a tendency for eruptions to have very short durations 
(< 2 days). It is important to determine whether these short duration eruptions relate 
to any patterns or specific scenarios at PdlF. For example if the very short duration 
eruptions all correspond to the same source region or time period it may implies that a 
different eruption scenario is responsible for these eruptions. If such a scenario could 
be identified during the early stages of an eruption, any forecasting models could be 
modified accordingly. These short duration eruptions will be assessed throughout the 
remainder of this thesis.
4.2.4 Iceland: 1300-2011
The following section takes each type of eruption duration on Iceland (identified in 
subsection 3.4.1) in turn and describes the available data.
The duration of explosive (non-basaltic) eruptions {d\ and d2) from volcanic sys­
tems on Iceland
Most explosive eruptions on Iceland (‘explosive’ in the sense of Thordarson and Larsen 
(2007)) develop into effusive eruptions with time, and are thus classified as the explo­
sive phase of a mixed eruption (J3a). Only two purely explosive Icelandic eruptions 
have known durations: Askja 28-29 March 1875 and Eyjafjallajokull 1821-23 (#19 
and #12, Table 3.5 respectively). The first of these represents a single Plinian erup­
tion with a d\ duration of 0.6 days whereas the Eyjafjallajokull eruption represents a 
sequence of explosive eruptions with a total (d2) duration of 427 days. Being the only 
examples of explosive eruption durations on Iceland further analyses of these types of 
eruption duration could not be performed.
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The duration of mixed eruptions (d3a, dGb and d^) from volcanic systems on Ice­
land
Mixed eruptions can be considered in terms of their total duration (d4) or the duration 
of their constituent explosive (d3a) and effusive (d3b) phases (Fig. 3.7). 13 eruptions 
within Table 3.5 have total durations classified as d\, 12 from the Hekla volcanic sys­
tem and 1 from Orsefajokull. Analyses performed on a complete dataset of all 13 mixed 
eruptions in Table 3.5 would be biased by eruptions from Hekla, such that results ob­
tained would provide more information about mixed eruption durations from Hekla 
than mixed eruption durations in general. It is therefore considered more worthwhile 
to restrict datasets of d3a, d^b and d4 duration types to those from Hekla and perform 
analyses at a volcano specific level (covered in section 4.3).
The duration of sequences of mixed eruptions (d5) from volcanic systems on Ice­
land
The 2010 Eyjafjallajokull summit eruption (# 53, Table 3.5) is the only example of a 
sequence of mixed eruptions identified on Iceland. The total duration (d5) of this erup­
tion is 38 days. Surprisingly, despite this eruption being a sequence of mixed eruptions 
its total duration is less than the median duration of single mixed eruptions (d4) from 
Hekla (204 days) and may reflect a volcano specific control, however, without addi­
tional data this is purely speculative.
The duration of single basaltic eruptions (dG) from volcanic systems on Iceland
The period 1300-2011 contains 38 reported single basaltic eruptions from volcanic 
systems on Iceland with durations ranging from 0.2 days to 526 days and a median 
duration of 13.5 days. A histogram of the data plotted with bins of 20 days clearly
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Fig. 4.6 The distribution of single basaltic eruption durations (dG) on Iceland for the 
period 1300-2011 displayed as histograms of (a) durations <  500 days in 20 day bins 
and (b) durations <  60 days in 2 day bins and (c) data displayed as an empirical sur­
vivor function curve (data from Table 3.5). (d) Empirical survivor function curves for 
the distribution of dQ durations in the periods 1300-1899 and 1900-2011
identifies a dominance of 0-20 day eruptions and a heavy long duration tail to the 
distribution (Fig. 4.6a). It is worth noting that one eruption is not shown on this 
plot due to its longer duration of 526 days (#32 Table 3.5). The higher resolution 
histogram of Fig. 4.6b, plotted with bins of 2 days, shows the gradual decline of 
eruption frequency into the long duration tail of the distribution. A short duration tail 
is only observed when the data is viewed as an empirical survivor function curve (Fig. 
4.6c), however, the distribution is dominated by the gradual transition into the long
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duration tail which begins around the median duration.
A reporting bias towards longer eruptions in the early historic record of Iceland was 
demonstrated in Chapter 3. Due to the effusive nature of basaltic eruptions this bias 
may have a strong effect on the d6 duration dataset discussed here. Fig. 4.6d shows 
empirical survivor function curves for eruption durations in the periods 1300-1899 and 
1900-2011. The increased proportion of short duration eruptions reported in more re­
cent years has the effect of offsetting the 1900-2011 curve downwards and left of the 
1300-1899 curve, however, the shape of this curve is very similar to that plotted us­
ing all available data (1300-2011, Fig. 4.6c). Table 4.1 contains the results of three 
significance tests performed to compare the 1300-1899 and 1900-2011 duration data. 
Results indicate moderately significant difference between the two distributions im­
plying that reporting biases may exist in the single basaltic eruption duration dataset 
of Iceland.
Table 4.1: Significance test results comparing the distribution of single basaltic eruption 
durations (do) on Iceland for the periods 1300-1899 and 1900-2011.
Compared Data Logrank Mann-Whitney t-test
A (n=14)» ®  (n = 24) p = 0.478 p -  0.067 • p = 0.096 •
A = 1300-1899, B = 1900-2011.
* = significant at a 0.05 level, • = moderate significance (p-value = 0.05-0.1). 
i-test applied to the logs of the data.
The duration of sequences of basaltic eruptions (d7)
Table 3.6 contains a record of eight basaltic eruption sequences on Iceland, and their 
durations (d7) range from 292 to 3,195 days with a median of 1,567 days. A crude 
histogram and empirical survivor function curve of their total durations are displayed 
in Fig. 4.7, however, due to the low sample size and long durations little can be inferred 
about their overall distribution and the empirical survivor function curve for these data 
is approximately linear when plotted on a log scale (Fig. 4.7b).
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Fig. 4.7 The distribution of the total duration of basaltic eruption sequences (d7) on 
Iceland (a) displayed as a histograms of durations <  4000 days in 200 day bins and (b) 
displayed as an empirical survivor function curve (data from Table 3.6)
4.3 Eruption durations from individual volcanic sys­
tems on Iceland
4.3.1 Mixed eruption durations from Hekla
The historic record for the Hekla volcanic system is unusually complete (Thorarinsson, 
1967a) and the data on the durations of its mixed eruptions can be considered to be 
unaffected by reporting biases. 15 mixed eruptions since 1300 AD are recorded in 
Table 4.2. For those with reported eruption durations, lava, tephra (DRE) and total 
volumes have been included based on those within Thordarson and Larsen (2007). 
The 1980 and 1981 eruptions of Hekla (#12 and #13, Table 4.2) are reported as a 
single eruption in Thordarson and Larsen (2007) and therefore the proportion of lava 
and tephra erupted in each eruptive phase is unknown and not included in Table 4.2 or 
the analyses of this study.
The total duration (d4) is known for every eruption of this type since 1597. Including
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Table 4.2: Historical mixed eruptions from the Hekla volcanic system
# Start Date
Duration (days) Volume (xl06m3)
End Date d4 d3a Lava Tephra Total
1 11-07-1300 15-07-1301 369 - 1500 220 1720
2 19-05-1341 - - -
3 - - - -
4 25-07-1510 - - -
5 03-01-1597 15-07-1597 193 - 900 130 1030
6 08-05-1636 15-05-1637 372 - 500 80 580
7 13-02-1693 01-11-1693 261 0.5 900 130 1030
8 05-04-1766 01-05-1768 757 0.17 1300 180 1480
9 02-09-1845 05-04-1846 215 0.17 630 100 730
10 29-03-1947 22-04-1948 390 0.04 800 80 880
11 05-05-1970 05-07-1970 61 0.1 200 30 230
12 17-08-1980 20-08-1980 3 0.08 - - -
13 09-04-1981 16-04-1981 7 - - - -
14 17-01-1991 11-03-1991 53 0.4 150 10 160
15 26-02-2000 08-03-2000 11 0.2 170 4 174
Erupted volumes are taken from Thordarson and Larsen (2007) and 
tephra volumes are DRE.
the 1300 eruption, this results in a dataset of 12d4 durations ranging from 3 to 757 days 
with a median duration of 204 days. A histogram plotted with 50 day bins demonstrates 
a large spread to the data with the highest proportion of eruptions having durations of 
0-50 days and 350-400 days (Fig. 4.8a). Information regarding the duration of the 
initial explosive phase (dsa) is known for eight of these eruptions and ranges from 0.04 
to 0.5 days with a median duration of 0.17 days. A histogram plotted with bins of 0.1 
days shows that the majority of these phases are very short lasting less than 5 hours 
(0.2 days) (Fig. 4.8b).
The different scale of the d3o and d4 duration of Hekla eruptions enables their empiri­
cal survivor function curves to be displayed on the same plot without any overlap (Fig. 
4.8c). The d3a data has a relatively straight empirical survivor function curve, lacking
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Fig. 4.8 The distribution of mixed eruption durations from Hekla for the period 1300- 
2000 displayed as histograms of (a) dA durations <  800 days in 50 day bins and (b) d3a 
durations <  1 days in 0.2 day bins, (c) Data for both d3a and d4 durations displayed as 
empirical survivor function curves (n = 9 and 12 respectively), (d) Plot of d3a against 
d4 duration.
both long and short duration tails. In contrast, a slight short duration tail to the em­
pirical survivor function curve of the d4 data is observed (Fig. 4.8c) which is masked 
within the 0-50 day bin of Fig. 4.8a.
The initial explosive phase of mixed eruptions (c/3a) equates to between 0.01 and 2.67 
% of the total eruption duration (<sf4) and therefore the total duration of mixed erup­
tions are dominated by their effusive phases (i.e., d4 «  d3b d3a). The relationship
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between d3a and d4 of individual mixed eruptions from Hekla has been investigated to 
determine whether the duration of an initial explosive phase could be used to forecast 
the overall duration of the eruption (Fig. 4.8d). Results indicate that although the d3a 
duration is always much shorter than the subsequent d& duration, the relationship is 
not entirely systematic and d^a is at best a poor predictor of d\ (i.e. the 1766 eruption 
began with 0.17 days of high-powered explosive activity yet it is the longest eruption 
in the dataset with a duration of 757 days).
4.3.2 Single basaltic eruption durations from Askja, Grimsvotn, 
Katla and Krafla
38 eruptions within Table 3.5 fall within the single basaltic eruption (d6) category of 
this study. Of these, 10 are from Krafla, 9 from Grfmsvotn and 5 each from Katla and 
Askja. An investigation into the volcano specific nature of their durations was con­
ducted using these 4 volcanic systems. Subsection 4.2.4 demonstrated that reporting 
biases prior to 1900 have a moderately significant effect on the distribution of single 
basaltic eruptions on Iceland. Restricting the data to the period 1900-2011 would re­
duce the sample size such that only the Krafla and Grfmsvotn datasets are sufficient 
to provide insight into volcanic specific investigations. The degree of reporting bias 
will vary for different volcanic systems (subsection 3.4.4) and therefore data from the 
period 1300-2011 are used in the following analyses and their specific reporting biases 
discussed.
Fig. 4.9 displays crude histograms plotted for each volcanic system (a-d) along with a 
plot containing their empirical survivor function curves (e). Despite their small sam­
ple sizes some key differences between their duration ranges and distributions can be 
observed. In particular, the Krafla dataset is comprised of relatively short duration 
eruptions (median = 2.75 days), compared to Katla, Askja and Grfmsvotn with median
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Fig. 4.9 The distribution of single basaltic eruptions (dG) on Iceland at individual 
volcanic systems plotted as histograms for (a) Grimsvotn, (b) Krafla, (c) Katla and 
(d) Askja. (e) The data displayed as empirical survivor function curves where G = 
Grimsvotn, Kr = Krafla, Ka = Katla and A = Askja (data from Table 3.5)
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durations of 23 days, 13 days and 12 days respectively. The empirical survivor func­
tion curve for Krafla is also completely offset from the other three curves reflecting 
the short duration of its eruptions (Fig. 4.9e). Significance tests performed compar­
ing these data support these findings, with the distribution of eruption durations from 
Krafla being significantly different from Askja, Grimsvotn and Kata at the 0.05 level 
while significant difference between these latter three systems are not found (Table 
4.3).
It is worth noting that the longest Grimsvotn eruption included in Table 3.5 is the 244 
day long Laki fissure eruption (#11) which may be unrepresentative of this volcano’s 
more usual behaviour. Gudmundsson (1987) and Thordarson and Self (1993) argue 
that the very large erupted volume (15 km3), high discharge rate and lack of collapse at 
Grimsvotn caldera are inconsistent with the magma having been sourced from a shal­
low magma chamber beneath Grimsvotn and transported laterally, as had been argued 
by Sigurdsson and Sparks (1978). The alternative to this is that the Laki eruption was 
derived from deep-seated magma residing near the crust-mantle interface and much of 
the magma transport occurred vertically beneath the active fissures (Thordarson and 
Larsen, 2007). If this were the case then it is likely that the dynamics of the Laki 
system were different from those of Grimsvotn’s shallow summit system, such that 
the factors controlling eruption duration are also different. Removing the Laki erup­
tion from the dataset of Grimsvotn eruptions has the effect of reducing the maximum 
recorded duration from 244 to 90 days but only reduces the median duration from 12 
to 11 days.
Volcanic systems located close to population centres are more likely to have all erup­
tions documented, even if they are short or small (e.g. the Krafla 1975-1984 eruptions 
were well monitored throughout). In contrast, volcanic systems located in more remote 
areas are likely to suffer poorer reporting (e.g. Askja has sparse/incomplete records 
of the small basaltic eruptions which occurred in the 1870’s and 1920’s). As men-
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Table 4.3: Significance test results for single basaltic eruption durations (d,6) from individual 
volcanic systems on Iceland
Data Logrank Mann-Whitney t-test
A  (n=5) G (n = 9) p =  0.900 p =  0.739 p = 0.810
A  (n=5) Ka (n = 5) p =  0.676 p = 0.841 p = 0.776
A  (n=5) Kr (n = io ) p = 0.015 *  ■ p -  0.012 * p = 0.002 *
G (n=9) Ka (n = 5) p = 0.686 p = 0.519 p = 0.885
G (n=9) Kr (n = io) p = 0.006 * p = 0.009 * p = 0.002 ★
Kr (n = 10) in'II03
* p =  0.006 * p = 0.022 * p = 0.062 •
A = Askja, G = Grimsvotn, Ka = Katla, Kr = Krafla.
* = significant at a 0.05 level, •  = moderate significance (p-value = 0.05-0.1). 
t-test applied to the logs of the data.
tioned in subsection 3.4.4, volcanic systems covered by ice (e.g. Katla and Grimsvotn) 
require large eruptions to break through that ice before there is definitive evidence 
that an eruption occurred. This will undoubtedly result in an under-representation of 
short eruptions at ice-covered volcanoes. Katla is covered by a much thicker ice-cap 
(maximum thickness 830-700 m, (Larsen, 2002)) than Grimsvotn (300-600 m, (Gud- 
mundsson et al., 1997)) so even larger eruptions are required to break through the ice. 
This may contribute to the apparently longer duration eruptions at Katla compared to 
Grimsvotn.
Although it is possible that better reporting at Krafla has led to less short duration 
eruptions being missed and thus under-represented in the dataset, the lack of Krafla 
eruptions longer than 14 days still suggests that its eruptions are shorter than those 
from the other volcanic systems investigated. The 9 volcanic eruptions at Krafla in 
the period 1900-2011 all represent single eruptions during the longer Krafla fire event 
(1975-1984, # H, Table 3.6). It is therefore unclear whether these short duration erup­
tions are a function of the Krafla volcanic system, or typical of fire events on a more 
general level. It is evident however, that the short duration tail of the overall dQ erup­
tion duration distribution (Fig. 4.6) is dominated by these Krafla eruptions, and thus 
performing forecasts based on that data could lead to biased results (i.e. a greater 
probability of short duration eruptions). For this reason it is considered more sensible
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to analyse the Krafla data separately from the overall dG data in the remainder of this 
investigation. The 10 eruptions reported for Krafla in the period 1300-2011 are sum­
marised in Table 4.4. Note that the 1746 eruption is the only eruptions that was not 
part of a longer eruptive sequence.
Table 4.4: Single basaltic eruptions from Krafla, Iceland (1300-2011)
# Start Date End Date dG Duration 
(days)
1 10-07-1746 10-07-1746 0.5
2 20-12-1975 20-12-1975 0.2
3 27-04-1977 27-04-1977 0.5
4 08-09-1977 08-09-1977 0.2
5 16-03-1980 16-03-1980 0.25
6 10-07-1980 18-07-1980 8
7 18-10-1980 23-10-1980 5
8 30-01-1981 04-02-1981 5
9 18-11-1981 23-11-1981 5
10 04-09-1984 18-09-1984 14
4.4 Temporal variation in the distribution of eruption 
duration
Volcanic systems can change with time causing temporal variations in the nature of 
volcanic activity. It is important to assess if any changes in eruption duration with 
time are apparent or if any previously recognised changes in volcanic activity or the
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volcano’s plumbing system affect the duration of the eruptions produced. If so it may 
be sensible to restrict the data used in the forecasting models of Chapter 5 such that they 
contain only the most recent data that best represents the current state of the volcanic 
system. Furthermore, any links between the physical properties of the volcanic systems 
and the duration of the eruptions produced could provide useful insight into the leading 
controls on eruption durations (discussed in Chapter 7). The following section assesses 
any temporal variation in the datasets used in this study.
4.4.1 Temporal variation at Mt. Etna
The distribution of eruption duration between 1600 and 1669 at Mt. Etna is dominated 
by long duration eruptions, three of which are longer than any subsequent eruption 
(Fig. 3.2c). During this time, erupted lavas were rich in plagioclase phenocrysts and 
believed to have been stored in a shallow magma reservoir within the volcanic edifice 
prior to eruption. However, directly following the 1669 eruption Mt. Etna experienced 
a sharp decrease in productivity and a reduction in the phenocryst content of erupted 
lavas, which has been attributed to the draining of a shallow magma reservoir within 
the volcanic edifice during the 17th Century (Hughes et al., 1990; Behncke and Neri, 
2003). It is possible that the shallow magma chamber existing at this time promoted 
longer duration eruptions.
After 1669 eruption durations range from 0.5 to 473 days and there has been a general 
increase in eruption frequency with time that is not an artefact of reporting (Behncke 
and Neri, 2003; Behncke et al., 2005; Branca and Del Carlo, 2005; Cappello et al., 
2013). In particular, dramatic increases in eruption frequency and output rate have been 
recognised following 1971 (Wadge and Guest, 1981; Mulargia et al., 1985; Andronico 
and Lodato, 2005; Behncke et al., 2005; Branca and Del Carlo, 2005; Salvi et al., 2006; 
Bebbington, 2007; Smethurst et al., 2009; Cappello et al., 2013). A similar trend can
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be observed in our data (Table 3.1), with 20 flank eruptions in the past 38 years (1971-
2010), as opposed to only 7 in the 41 years before it (1930-1971) (Fig. 3.2, Table 
3.1).
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Fig. 4.10 Empirical survivor function curves for flank eruption durations at Mt. Etna 
for the periods 1600-1669 (n = 7), 1670-1971 (n = 31) and 1972-2010 (n = 20) (data 
from Table 3.1)
Andronico and Lodato (2005) noted that the median duration of eruptions from the 
period 1971-1999 was also higher than that of 1900-1971. Again this is supported 
here with reported eruption durations of < 6 days being absent after 1971 (Fig. 3.2c). 
Median durations for the periods 1600-1669, 1670-1971 and 1972-2010 are 190 days, 
24 days and 50 days respectively.
Fig. 4.10 shows empirical survivor function curves for the eruption durations of these 
three time periods. While the 1670 to 1971 and 1972 to 2010 datasets diverge at 
durations < 10 days (Fig. 4.10), significance tests indicate that the curves are not 
statistically different at the 0.05 level and it cannot be concluded that they derive from 
different distributions (Table 4.5). This implies that restricting the data to eruptions in 
the period 1972-2010 only is currently unnecessary.
In contrast, the empirical survivor function curve for the 1600-1669 dataset is entirely 
offset from the 1670-1971 and 1972-2010 curves (Fig. 4.10). Significance tests in-
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Table 4.5: Significance test results comparing the distribution of flank eruption durations 
fromMt. Etna for the periods 1600-1669, 1670-1971 and 1972-2010.
Data Logrank Mann-Whitney t-test
A  (n=7) B  (n=31) p =0.008 * p =0.024 * p =0.029 *
A (n = 7) C  (n = 20) p =0.023 * p =0.067 • p =0.099 •
B  (n = 31) C  (n = 20) p =0.161 p =0.330 p =0.194
A = 1600-1669, B = 1670-1971, C = 1972-2010.
* = significant at a 0.05 level, • = moderate significance (p-value = 0.05-0.1).
t-test applied to the logs of the data.
dicate that the difference between the duration data in the period 1600-1669 and the 
1670-1971 period are significant at the 0.05 level and moderately significant differ­
ences exist between it and the 1972-2010 data (Table 4.5). This implies that the dif­
ferent physical properties of Mt. Etna’s volcanic system prior to 1670 were sufficient 
enough to generate a different eruption duration regime to that following 1669.
These results suggest that further analyses performed on the flank eruption duration 
data for Mt. Etna should be conducted for the 1600-1669 and 1670-2010 datasets sep­
arately. Furthermore, this combined with the evidence for a different plumbing system 
beneath Mt. Etna prior to 1670 may indicate that a future eruption on the scale and 
duration of the 1600-1669 eruptions is unlikely and therefore that we should only use 
eruptions after 1669 as the basis of any forecasting models. However, the 1600-1669 
time period has previously been interpreted as the culminating phase of a century scale 
cycle, with the next cycle still continuing today (Behncke and Neri, 2003; Tanguy 
et al., 2007; Cappello et al., 2013). Recent investigations into the plumbing system of 
Mt. Etna indicate increasing magma accumulation beneath the volcano (Behncke and 
Neri, 2003). This, along with the trend of increasing eruption frequency and output 
rate, may indicate a gradual return to the style of activity that was typical in the early 
seventeenth century. By excluding the 1600-1669 data the model would be unable to 
account for the possibility that future activity at Mt. Etna could become more volumi­
nous and potentially hazardous in the future. For this reason both the 1600-2010 and 
1670-2010 datasets are used for the analyses in the remainder of this study and their
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results compared.
4.4.2 Temporal variation at Kilauea
Section 3.2 noted a change in eruption durations following 1959, with a minimum 
duration of 2 days for the period 1912-1959 while 32 % of eruptions in the period 
1960-1983 have durations less than this. Klein (1982) also identified a reduction in 
repose interval across this boundary and although it is possible that these observed 
changes may reflect an earlier bias it is considered unlikely given the detailed records 
of Kilauea activity.
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Fig. 4.11 Empirical survivor function curves for eruption durations from Kilauea for 
the periods 1912-1959 (n =  13) and 1960-1983 (n =  25) (data from Table 3.2)
Table 4.6: Significance test results comparing the distribution of eruption durations from 
Kilauea for the periods 1912-1959 and 1960-1983.
Data Logrank Mann-Whitney t-test
A (n =13) B  (n=25) p = 0.324 p  = 0.052 • p  = 0.074 •
A = 1912-1959,B = 1960-1983.
★ = significant at a 0.05 level, •  = moderate significance (p-value = 0.05-0.1). 
t-test applied to the logs of the data.
Fig. 4.11 plots empirical survivor function curves for eruption durations in the periods 
1912-1959 and 1960-1983 at Kilauea. The median durations of these two groups are
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18 days and 3 days respectively and as such the two curves are offset, only overlap­
ping in their long duration tails. Mann-Whitney and f-test results indicate moderately 
significant differences between these distributions and a log-rank test considers them 
statistically similar (Table 4.6). Although the results are not strictly significant, when 
combined with the visual difference of the data they imply that something changed 
across the 1959 boundary and that short duration eruptions either became more com­
mon or were more commonly reported. Either way, this carries implications for the 
remaining analyses of this study and from here on both the 1912-1983 dataset and a 
smaller subset of the data for the period 1960-1983 will be considered and their results 
compared.
4.4.3 Temporal variation at PdlF
Previous studies into the eruption history of PdlF have demonstrated a relationship 
between the chemistry and location of eruptions (Ludden, 1977; Stieltjes and Moutou, 
1989; Boivin and Bachelery, 2009; Peltier et al., 2009) and have speculated that this 
relationship manifests itself on decade scale cycles. Stieltjes and Moutou (1989) report 
three major cycles for the period 1911-1988, starting in the years 1931,1961 and 1977 
each with a high volume eruption of oceanite lava (> 20 % olivine crystals). The 
investigations of Peltier et al. (2009) span the period 1972-2008 and thus only slightly 
overlap this period. They investigate the eruptive activity at PdlF either side of the 6 
year repose interval (1992-1998, see subsection 3.3.4) and recognise changes in the 
plumbing system of PdlF following the 1998 eruption such that the volcanic system 
switched from one dominated by progressive drainage of a shallow reservoir to one 
of continuous recharge from a deeper reservoir. Following this change a return to 
cyclic activity is suggested, however, unlike Stieltjes and Moutou (1989), Peltier et al. 
(2009) define these cycles as ending with eruptions of olivine-rich or oceanite lavas 
from outside Enclos Fougue caldera.
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Fig. 4.12 Plots showing the duration of each eruption from PdlF in the periods (a) 1911- 
1966, (b) 1972-1992 and (c) 1998-2011 where eruption numbers correspond to the 
eruption numbers of Table 3.3 and dark bars represent distal, olivine-rich or oceanite 
eruptions
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To assess whether eruption durations systematically vary between these distal/olivine 
rich eruptions Fig. 4.12 has been plotted to show the duration of each eruption in the 
1911-2011 period. Dark green bars represent distal eruptions which erupted olivine 
rich or oceanite lavas based on the descriptions and information within Stieltjes and 
Moutou (1989) (1911-1971) and Peltier et al. (2009) (1972-2008). The three plots are 
separated temporally by the two 6 year repose intervals (1966-1972 and 1992-1998). 
The figure demonstrates little relationship between an eruption’s position within these 
potential cycles and its duration.
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Fig. 4.13 Empirical survivor function curves for the duration of PdlF eruptions from 
the periods (a) 1911-1966 (n — 56), 1972-1992 (n =  38) and 1998-2011 (n =  31) and 
(b) for the periods 1911-1998 (n =  95) and 1999-2011 (n — 30) (data from Table 3.3)
This study focusses on the distribution of eruption durations separated by the 6 year 
repose intervals (i.e. the separate distributions within each plot of Fig. 4.12 irrespective 
of its source location or petrology). Fig. 4.13a shows the empirical survivor function 
curves for the periods 1911-1966, 1972-1992 and 1998-2011. Although the 1972- 
1992 distribution shows greatest divergence for durations of 1-10 days, significance 
tests performed on these three distributions do not show any significant differences 
(Table 4.7).
Additional investigations have been performed on data before and after the 1998 erup­
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tion at PdlF to assess whether the potential change in PdlF’s plumbing system at this 
time (Peltier et al., 2009) has had any effect on eruption duration. Fig. 4.13b displays 
empirical survivor function curves for the 1911-1999 and 2000-2011 periods. The two 
distributions plot with similar shapes and positions and again significance tests do not 
indicate significant differences at the 0.05 level (Table 4.7).
Although significant differences have not been found between any of the time periods 
investigated, the different shape of the 1972-1992 curve in Fig. 4.13a cannot be dis­
regarded entirely and may provide information about the bimodal nature of the PdlF 
eruption duration data demonstrated in subsection 4.2.3 (Fig. 4.5). For the three time 
periods investigated in Fig. 4.13a 1972-1992 contains the highest proportion of erup­
tions with durations < 2 days (1911-1971 = 16 %, 1971-1992 = 40 % and 1998-2011 = 
6 %) implying that these short duration eruptions were more common during this time 
period. Given that the distribution of eruption durations were not found to be signifi­
cantly different at the 0.05 level this temporal variation will not be used to restrict the 
data for forecasting purposes in Chapter 5. However, the tendency for shorter duration 
eruptions during 1971-1992 will be returned to in Chapter 7 when possible controls on 
eruption duration are discussed
Table 4.7: Significance test results comparing the distribution eruption durations from PdlF 
for the periods 1911-1966, 1972-1992 and 1998-2011 and also comparing the periods 
1911-1998 and 1999-2011.
Data Logrank Mann-Whitney t-test
A  (n=56) B (n=38) p = 0.859 p — 0.666 p = 0.373
A  (n=56) C  (n=31) p = 0.301 p = 0.454 p = 0.488
B (n=38) C  (n = 3i) p = 0.484 p = 0.368 p = 0.170
D (n=95) E  (n=30) p = 0.975 p = 0.569 p = 0.443
A = 1911-1966, B = 1972-1992, C = 1998-2011, D = 1911-1998, E = 1999-2011. 
* = significant at a 0.05 level, • = moderate significance (p-value = 0.05-0.1). 
t-test applied to the logs of the data.
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4.4.4 Temporal variation at Hekla, Iceland
Thordarson and Larsen (2007) recognised an increase in eruption frequency from 0.17 
to 0.94 eruptions per decade at Hekla following the 1947 eruption. The five shortest 
mixed eruptions at Hekla also occurred after 1947 and range from 3 to 61 days (1970- 
2000), whereas eruptions in the period 1597-1947 (and the 1300 AD eruption) had 
longer durations ranging from 193-757 days (Fig. 4.14a). The median duration of 
these two time periods is 11 days and 369 days respectively and empirical survivor 
function curves for each dataset are shown in Fig. 4.14b. These two curves are offset 
from one another entirely and significance tests indicate that, despite the small sample 
sizes involved, the two distributions can be considered statistically different at a 0.05 
level (Table 4.8).
Table 4.8: Significance test results comparing the distribution of total eruption durations (^4) 
and initial explosive phase durations (d3a) of mixed eruptions from Hekla, Iceland for the 
periods 1300-1969 and 1970-2000.
Data Logrank Mann-Whitney t-test
dZa
A (n=7) ®  (n = 5) 
A (n=4) ® (n=4)
p  = 0.000 * p = 0.003 * 
p = 0.713 p  = 1.00
p  = 0.005 * 
p  = 0.969
A = 1300-1947, B = 1948-2000.
* = significant at a 0.05 level, •  = moderate significance (p-value = 0.05-0.1). 
t-test applied to the logs of the data.
Although it is possible that the shorter duration of more recent eruptions may be in­
fluenced by the reporting biases discussed in section 3.4, the explosive nature of these 
eruptions and the exceptionally good documentation of the eruptions from Hekla im­
ply that this is unlikely. It is more likely that these changes in eruptive activity at 
Hekla reflect changes in the volcano’s plumbing system, such that it promotes more 
frequent, shorter duration eruptions. Possible explanations for this are discussed in 
Chapter 7.
In light of this temporal variation the duration of the initial explosive phase (d3a) of 
these mixed eruptions was also investigated for the periods 1300-1947 and 1948-2000.
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Fig. 4.14 (a) Plot of eruption start year against duration of mixed eruptions (d4 and 
dza). (b) and (c) display the d4 and d3a duration data as empirical survivor function 
curves for the periods 1300-1947 and 1948-2000
Fig. 4.14a displays a possible trend of decreasing d3a durations with time for the 
period 1300-1947 and increasing J 3a durations with time for the period 1948-2000. 
However, this is plotted with duration on a log scale and actually this trend occurs over 
a narrow duration range of 0.04-0.5 days (1 to 12 hours). Empirical survivor function 
curves for the d3a durations plot with similar shapes and positions (Fig. 4.14c) and 
significance test results imply that any differences between these two distributions are 
not significant at the 0.05 level (Table 4.8). This further supports the lack of correlation 
between the duration of the initial explosive phase and the total duration of Hekla’s
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mixed eruptions (discussed in subsection 4.3.1, Fig. 4.8d).
4.5 Spatial variation in the distribution of eruption du­
ration
An investigation into how eruption duration varies with vent location has been per­
formed on each dataset used in this study. Where applicable this involves a comparison 
between the duration of eruptions from summit and flank vents and between different 
rift zones. For Iceland a comparison of single basaltic eruptions from volcanic systems 
situated inside and outside the axial rift zone has been performed.
The identification of any spatial variation in eruption duration may indicate the ne­
cessity to forecast different areas independently of each other, instead of treating all 
eruptions from one dataset as the same. Furthermore, comparison of the nature of 
these variations and physical properties of the different settings could provide useful 
insight into factors controlling eruption durations (discussed in Chapter 7).
4.5.1 Spatial variation at Mt. Etna
Previous investigations into the location of historical flank eruptions at Mt. Etna have 
highlighted three regions of high vent density on the North-Eastern, Southern and 
Western flanks of the volcano interpreted as three rift zones where eruptions are com­
mon (Duncan et al., 1981; Chester et al., 1985; Behncke et al., 2005; Neri et al., 2011; 
Proietti et al., 2011). To assess whether the distribution of eruption duration varies be­
tween each rift zone we have split the volcano into three sectors. Unlike Proietti et al. 
(2011) our sectors are not evenly distributed or positioned so that one boundary is di­
rected North. Instead, we have used similar sectors to Behncke et al. (2005) whereby
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each sector contains one of the three identified rift zones along with any vents which 
appear closely associated with it. Using a point centred above the summit, these are 
between (A) 347° and 104°, (B) 104° and 226° and (C) 226° and 347° (Fig. 3.1), and 
include the North-Eastern, Southern and Western rift zones respectively.
The boundary between sectors A and B cuts through the Valle del Bove. Eruptions 
within this area are common and, since 1971, many lava flows from the summit’s 
South East crater enter this valley making the resurfacing rate high. This can make 
identifying vents and fissures within this area difficult. The precise positions of the 
1755 and 1802 fissures (#13 and #19, Table 3.1) are unknown, but reported to be close 
to Rocca Mussarra and are therefore considered here as part of sector A (Fig. 3.1, 
Table 3.1). Other fissures and vents within the Valle del Bove have been located using 
the sources previously discussed and assigned to sector A or B accordingly.
The majority of eruptive vents and fissures outside the Valle del Bove fall clearly within 
one of the three sectors (Fig. 3.1). The March 1981 eruption (#51, Table 3.1) was the 
result of a long fissure which crosses the boundary between sectors A and C. The erup­
tion is most probably a result of the North-East rift zone and is therefore considered 
part of sector A (Fig. 3.1). Similarly the eruptive fissure of the May 2008 eruption 
(#62, Table 3.1) crosses the boundary between sectors A and B. The lower portion of 
this fissure was active throughout the eruption and thus the eruption is attributed here 
to sector B (Fig. 3.1).
Empirical survivor function curves plotted for the 1600 to 2010 flank eruption dura­
tions of sectors A, B and C are displayed in Fig. 4.15a. The small sample size of 
sector C (n =  6) results in a crude empirical survivor function curve. Any differences 
between its eruption duration distribution and that of sectors A and B is difficult to dis­
cern and significance tests reveal p- values of greater than 0.05 (Table 4.9). The sample 
sizes of sectors A and B are higher (n =  23 and n = 29 respectively) and while the 
tails of their distributions overlap, the central portions diverge, with median durations
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Fig. 4.15 Empirical survivor function curves for flank eruption durations from sectors 
A, B and C at Mt. Etna for the period (a) 1600-2010 and (b) 1670-2010 (data from 
Table 3.1)
of 18 days (sector A) and 84 days (sector B) (Fig. 4.15). Despite such obvious dif­
ferences between the duration distributions of sector A and B significance tests yield 
results indicating that the two distributions cannot be considered statistically different 
at the 0.05 level (Table 4.9).
Table 4.9: Significance test results comparing the distribution of flank eruption durations 
from Sectors A, B and C at Mt. Etna for the periods 1600-2010 and 1670-2010
Data Logrank Mann-Whitney t-test
®
® A (n=23) B (n = 29) P = 0.472 p  =  0.227 p =  0.393
io A (n=23) C (n = 6) p = 0.870 p =  0.686 p =  0.851
so B (n = 29) C (n=6) P = 0.988 p  =  0.381 p -  0.690
©
©
A (n=20) B (n=26) p  = 0.331 p  =  0.324 p =  0.371
i© A (n=20) C (n=5) P = 0.483 p =  1.000 p =  0.491
SO B (n=26) C (n=5) p = 0.029 * p =  0.147 p -  0.067 •
A = Sector A, B = Sector B, C = Sector C.
* = significant at a 0.05 level, • = moderate significance (p-value = 0.05-0.1). 
t-test applied to the logs of the data.
Given that the distribution of flank eruption durations at Mt. Etna is found to be differ­
ent for the period 1600-1669 (section 4.4.1), empirical survivor function curves have 
also been plotted for sectors A, B and C excluding this data (Fig. 4.15b). The curves
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are very similar to their 1600-2010 counterpart (Fig. 4.15a) and the most prominent 
difference is the reduction in the longest reported eruption duration in sectors B and C. 
This reduces the degree of overlap in the long duration tail of sector A and B, however, 
significance tests comparing their distributions still yield p-values of greater than 0.05 
and thus they cannot be considered statistically different at the 0.05 level (Table 4.9). In 
contrast a Logrank test and t-test applied to the distribution of flank eruption durations 
from sectors B and C in the period 1670-2010 indicate significant and moderate differ­
ences at the 0.05 level respectively (Table 4.9). The very low sample size of sector C 
(n = 5) make this result unreliable and it is not considered enough evidence to exclude 
the sector C data from any further analyses or forecasts made on the 1670-2010 data 
of Mt. Etna flank eruption durations.
4.5.2 Spatial variation at Kilauea
Table 3.2 contains information about the location of each eruption in terms of the 
broad location of the eruptive vent (i.e. summit (S), East Rift Zone (ERZ) and South- 
West Rift Zone (SWRZ)). Only two eruption durations are reported for the SWRZ 
in the period 1750-1983 (#4 and #37, Table 3.2 with durations 213 days and 0.25 
days respectively) and further analyses on eruptions from this rift zone have not been 
performed.
Holcomb (1987) suggested that eruptions from the rift zones at Kilauea were briefer 
than those from the summit, however, the summit and ERZ eruptions of the current 
study in the period 1912-1983 have median durations that are very similar, at 5 days 
and 6 days respectively. Furthermore, the duration of eruptions from the ERZ range 
from 0.25 to 900 days while the summit eruptions have smaller range of 0.4 to 251 
days. Empirical survivor function curves reflect these differences, with the ERZ data 
having a slightly longer eruption duration tail than the summit eruptions but both
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Fig. 4.16 Empirical survivor function curves from the summit (S) and east rift zone 
(ERZ) at Kilauea for the periods (a) 1912-1983 and (b) 1960-1983 (data from Table 
3.2)
curves having similar overall shapes and positions (Fig. 4.16a). Significance tests 
also show that the distributions are not significantly different at the 0.05 level (Table 
4.10). The same is true when the data are restricted to the period 1960-1983 (Fig. 
4.16a, Table 4.10).
Table 4.10: Significance test results for eruption duration data from the summit and east rift 
zone (ERZ) of Kilauea for the periods 1912-1983 and 1960-1983
Data Logrank Mann-Whitney t-test
1912-1983 A (n=17) ® (n=19) p  = 0.388 p  = 0.578 p  = 0.576
1960-1983 (n=9) ® (n =  15) p  = 0.380 p  = 0.387 p  = 0.441
A = Summit, B = ERZ.
* = significant at a 0.05 level, •  = moderate significance (p-value = 0.05-0.1). 
t-test applied to the logs of the data.
This implies that eruption duration does not vary with location (summit and ERZ) at 
Kilauea, however, little can be concluded about the duration of eruptions within the 
SWRZ due to limited data. The close association between summit and rift activity 
on Kilauea (Wolfe et al., 1987; Tilling and Dvorak, 1993) might be the reason for the 
similar eruption duration of these two regions.
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4.5.3 Spatial variation at PdlF
Table 3.3 categorises the eruptions in the period 1972-2011 depending on their source 
location. Three categories have been used, summit eruptions from within Dolomieu 
crater, proximal eruptions from within the Enclose Fouque caldera and distal eruptions 
from outside the Enclos Fouque caldera and from the Plaines des Osmondes (Fig. 1.3) 
with median durations of 18 days, 17 days and 14 days respectively.
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Fig. 4.17 Empirical survivor function curves for eruption durations within the summit, 
proximal and distal regions of PdlF (Fig. 1.3) for the period 1972-2011 (data from 
Table 3.3)
Fig. 4.17 displays empirical survivor function curves for these three datasets. The 
closeness in their median durations is reflected in their similar central portions, how­
ever, while the shapes of the summit and proximal eruption curves are very similar the 
curve for the distal eruption data contains fewer short duration eruptions and therefore 
shows greater variation. In fact, the bimodal distribution of eruption durations previ­
ously observed at PdlF and still visible in the empirical survivor function curves of 
summit and proximal durations is absent from the distal eruption data. This may imply 
that the parameters controlling eruption duration are different for distal eruptions such 
that very short duration eruptions are less frequent.
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Despite the visual differences between the distributions of eruption durations from 
summit, proximal and distal vents, significance tests indicate that they are statistically 
similar (Table 4.11). This implies that the location of eruptions at PdlF has a negligible 
effect on the final duration of an eruption, however, the observations discussed above 
cannot be ignored and the implication they have on forecasting the duration of future 
eruptions at PdlF are discussed in Chapter 5.
Table 4.11: Significance test results comparing the distribution eruption durations from 
summit, proximal and distal eruptions of PdlF.
Data Logrank Mann-Whitney t-test
A  (n = 25) ®  (n=34) p = 0.348 p = 0.718 p = 0.827
A  (n = 25) C  (n= 8) p = 0.824 p = 0.983 p = 0.399
®  (n=34) G  (n = 8) p = 0.531 p = 0.676 p = 0.269
A = Summit, B = Proximal, C = Distal.
* = significant at a 0.05 level, • = moderate significance (p-value = 0.05-0.1). 
f-test applied to the logs of the data.
Previous studies have identified correlations between the location of eruptions at PdlF 
and the petrology of their lavas (Stieltjes and Moutou, 1989; Peltier et al., 2009). Peltier 
et al. (2009) grouped the lavas into three categories; poorly-phyric lavas (PP) with < 5 
% phenocrysts, olivine-rich basalts (OR) with 10 - 20 % olivine crystals and oceanites 
(O) with > 20 % olivine crystals. They found that distal eruptions were often cate­
gorized by high volume eruptions of olivine-rich or oceanite lavas while the poorly- 
phyric lavas are more commonly associated with summit and proximal eruptions. This 
same relationship can be seen in Fig. 4.18. Given such a strong relationship between 
the petrology of erupted lavas and the source location of the eruption, analyses into 
variations in eruption duration with petrology would reflect the location analyses pre­
viously discussed and therefore additional analyses have not been conducted in this 
study.
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Fig. 4.18 Bar plot showing the frequency of eruptions with poorly-phyric (PP), Olivine 
rich (OR) and Oceanite (O) lavas from summit, proximal and distal regions of PdlF in 
the period 1972-2008 (data from Peltier et al. (2009) and summarised in Table 3.3)
4.5.4 Spatial variation on Iceland
The durations of single basaltic eruptions (d6) from Icelandic volcanic systems (Table 
3.5) are shown in Fig. 4.19, distinguished by source volcano and time period (1300- 
1899 and 1900-2011). The data are displayed such that the different volcanic systems 
are arranged in north to south order. Krafla and Askja lie in the Northern Volcanic Zone 
and the active axial rifting region of the plate boundary (Fig. 1.4). Grimsvotn lies close 
to the centre of the Iceland plume (Wolfe et al., 1997) and is the most frequently active 
volcanic system in Iceland (Thordarson and Larsen, 2007). It is located at the northern 
end of the Eastern Volcanic zone and has an associated fissure swarm extending to the 
south-west (Fig. 1.4). Hekla, Katla, Eyjafjallajokull and Vestmannaeyjar are found 
in the South Iceland Volcanic Zone which lacks well-developed fissure swarms and 
lies beyond the divergent plate boundary (Fig. 1.4), and is effectively in an intra-plate 
setting (Einarsson, 2008).
The 1996 Gjalp eruption is either associated with Grimsvotn or Bardarbunga, both 
of which are situated within the active rift zone of Iceland. For the purpose of Fig.
166
CHAPTER 4. DURATION ANALYSIS
4.19 this eruption is placed in a separate category between Grimsvotn and Hekla and 
coloured according to inside rift zone eruptions. The volcanoes associated with active 
rifting (Krafla, Askja and Grimsvotn) erupt tholeiitic basalts whereas the volcanoes 
outside the active rifting region erupt transitional (Hekla, Eyjafjallajokull, Katla) to 
alkali (Vestmannaeyjar) basalts (Jakobsson, 1979).
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Fig. 4.19 (a) Plot of d6 eruption duration at different Icelandic volcanic system sepa­
rated by their location relative to the active rift, (b) and (c) empirical survivor function 
curves for d6 eruption durations from volcanic systems situated inside (both includ­
ing and excluding Krafla) and outside the activity rift zone on Iceland for the periods 
1300-2011 and 1900-2011 respectively. Kr = Krafla, A = Askja, G = Grimsvotn, Gj 
= the Gjalp 1996 eruption, H = Hekla, Ka = Katla, E = Eyjafjallajokull and V = Vest­
mannaeyjar
Fig. 4.19a reveals that only 1 of the 13 basaltic eruptions from volcanic systems sit-
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uated outside the rift had a duration of < 10 days (this is the sub-glacial eruption of 
Katla in 1955 (#28, Table 3.5)), whereas 14 of the 25 eruptions from within the active 
rift lasted for 10 days or less. However, 9 of the short duration inside rift eruptions 
are from the Krafla volcanic system which has previously been shown to have a sig­
nificantly different distribution of eruption durations to that of Askja, Grimsvotn and 
Katla.
Table 4.12: Significance test results for single basaltic eruption duration data from inside 
(both including and excluding data from Krafla (Kr)) and outside rift volcanoes on Iceland for 
the periods 1300-2011 and 1900-2011
Data Logrank Mann-Whitney i-test
1300-2011 A  (n =13) ®  (n = 25) p  = 0.001 * p  =  0.001 * p -  0.004 *
A  (n =13) G  (n=15) p  = 0.027 * p  = 0.021 * p = 0.120
1900-2011 A  (n = 8) ®  (n=16) p  =  0.000 * p  = 0.003 * p  = 0.015 *
A (n =8) C (n=7) p  -  0.009 * p  = 0.042 * II o o o *
A = Outside rift eruptions, B = Inside rift eruptions (incl. Kr), C = Inside rift emptions (excl.
Kr).
★ = significant at a 0.05 level, •  = moderate significance (p-value = 0.05-0.1).
t-test applied to the logs of the data.
Fig. 4.19b shows empirical survivor function curves for inside (both including and 
excluding eruptions from Krafla) and outside rift eruption durations for the period 
1300-2011. The greater proportion of < 10 day eruptions from inside rift volcanoes 
causes its curve to be offset from the outside rift curve. When the Krafla eruptions are 
excluded, this offset is still apparent, although less pronounced (Fig. 4.19b). Signifi­
cance tests support these observations finding that in both cases the two distributions 
are statistically different at the 0.05 level (Table 4.12). The only exception to this is the 
t-test performed on the Krafla-excluded data (Table 4.12). To assess the effect of the 
general reporting bias towards longer eruptions in the early historical record the same 
analysis has been performed on data for the period 1900-2011 (Fig. 4.19c). Here the 
offset between the inside and outside empirical survivor function curves appear more 
pronounced and significance tests still indicate differences between the distribution of 
inside and outside rift eruptions that are significant at the 0.05 level.
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These analyses imply that the short duration tail to the d6 duration data (Fig. 4.6) 
is dominated by inside rift systems in general and is not just a result short eruptions 
from the Krafla volcanic system. In contrast the long duration tail to the distribution 
is dominated by eruptions from off-rift volcanic systems and in particular those from 
Vestmannaeyjar (Fig. 4.19a). However, there have been too few eruptions to assess 
whether this is a volcano specific effect or a function of outside rift volcanism.
4.6 Conclusions
The distribution of preferred eruption duration from Mt. Etna, Kilauea, PdlF and the 
datasets of Iceland have been described in this chapter and temporal or spatial variation 
within the data assessed. Very small datasets often lack long and short duration tails, 
producing an empirical survivor function curve which is relatively straight (Iceland 
(id7) and Hekla (d3a and J 4), Figs. 4.7 and 4.8, respectively). Where more data exists 
long and short duration tails to their distribution can be observed, although the degree 
of these vary depending on the dataset (Mt. Etna, Kilauea and Iceland (d6), Figs. 
4.3, 4.4 and 4.6, respectively). The exception to this is PdlF which shows a bimodal 
distribution to its duration data (Fig. 4.5).
The results of temporal analyses have identified a significant difference in the distribu­
tion of eruption durations at Mt. Etna following 1669 (Fig. 4.10), and Hekla following 
1947 (Fig. 4.14) and a moderate change in duration distribution following 1959 was 
noted at Kilauea (Fig. 4.11). Spatial variations were found to have little effect on the 
distribution of eruption durations at Mt. Etna, Kilauea and PdlF (Figs. 4.15, 4.16, 
4.17, respectively), however, the distribution of basaltic eruption durations from Ice­
land differs for volcanic systems situated inside and outside the active rift zone (Fig. 
4.19).
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Chapter 5
An empirical probabilistic approach to 
forecasting the duration of volcanic 
eruptions
Kilauea, Hawaii. 2 0 1 0
Photograph by Bruce Omori, 
http://news.nationalgeographic.com /news/2010
Chapter 4 analysed the duration data for Mt. Etna, Kilauea, Piton de la Fournaise 
(PdlF) and Iceland identifying any changes related to temporal or spatial variations. 
This chapter summarises those results and uses the data to perform duration forecasts 
based on the empirical models outlined in Chapter 2. The model is based on historic 
eruption duration data, and therefore assumes that the past eruption record is a good 
representation of future volcanic activity. The forecasts produced can be considered to 
give useful insight into the typical eruptive behaviour of the volcanic system or type 
of volcanism being investigated. Here we present the likely and unlikely duration of
171
CHAPTER 5. DURATION FORECASTING
future eruptions using the likelihood scale devised by the Intergovernmental Panel on 
Climate Change (IPCC) which is summarised in Table 2.6.
For each dataset parameter values for the best fit exponential, Weibull, log-logistic 
and Burr type XII distribution have been found by maximum likelihood estimation. 
Kolmogorov-Smimov (KS)  goodness-of-fit tests and likelihood ratio (L R ) tests are 
performed for each dataset to determine which theoretical distribution best describes 
the data and should be used in the empirical forecasting model (see section 2.3). Fore­
casts are then performed on the chosen datasets and their results compared.
5.1 Forecasting the duration of future flank eruptions 
at Mt. Etna
The completeness of the historical record of flank eruption durations from Mt. Etna 
was found to improve following 1600 AD (section 3.1) and data from the period 1600- 
2010 was used in the temporal and spatial analyses of Chapter 4. Results indicate that 
while eruption duration does not appear to be affected by the location of the eruptive 
vent or fissure, eruption durations changed after the year 1669, with the period 1600- 
1669 being dominated by longer duration eruptions. It is possible that these longer 
duration eruptions are a result of the shallow magma reservoir speculated by Hughes 
et al. (1990) and Behncke and Neri (2003) to have existed beneath Mt. Etna. Directly 
following the 1669 eruption Mt. Etna experienced a sharp decrease in productivity and 
a reduction in the phenocryst content of erupted lavas interpreted as a draining of this 
shallow magma reservoir which has not been re-established since (Hughes et al., 1990; 
Behncke and Neri, 2003).
Although evidence for a return to pre-1670 petrology is not yet found, a gradual in­
crease in eruption frequency, output rate and magma accumulation has been identified
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at Mt. Etna in recent years (Behncke and Neri, 2003). This may suggest that the 
plumbing system beneath Mt. Etna is gradually returning to the 1600-1670 physical 
state and if so, long duration eruptions akin to those of 1600-1670 may occur again 
in the future. Duration forecasts have therefore been made using the 1600-2010 and 
1670-2010 datasets. The 1600-2010 dataset accounts for the possibility of very long 
future flank eruptions while the model based on the 1670-2010 data may provide more 
realistic forecasts of eruption durations that we can expect in the near future i.e. before 
the culminating phase of the current century-scale cycle.
5.1.1 Identifying the best fit distribution to the data of Mt. Etna
Parameter values for the best fit exponential, Weibull, log-logistic and Burr type XII 
distribution of each dataset are reported in Table 5.1. Fig. 5.1 plots the survivor func­
tion of each fitted distribution alongside the empirical survivor function curve of the 
corresponding observed data.
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Fig. 5.1 Empirical survivor function curves and fitted theoretical distributions for flank 
eruption durations at Mt. Etna for the periods (a) 1600-2010 and (b) 1670-2010 (data 
from Table 3.1). Parameter values can be found in Table 5.1
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K S  goodness-of-fit tests indicate that both datasets could have derived from the Weibull, 
log-logistic or Burr type XII distributions (Table 5.1). Visually the Weibull distribu­
tion of the 1600-2010 data can be seen to give the poorest fit to the data diverging at 
durations <10 days (Fig. 5.1a). In contrast, the shapes and positions of the 1670-2010 
theoretical distributions show very little variation with the Weibull and Burr type XII 
distributions plotting almost identically (Fig. 5.1b). A L R  test indicates that in both 
cases there is no benefit in employing the more complex Burr type XII distribution 
rather than the log-logistic distribution (Table 5.1). For these reasons, and our find­
ings that a log-logistic distribution often provides an adequate fit to eruption duration 
data, the best fit log-logistic distribution of both datasets have been used to perform the 
following duration forecasts.
5.1.2 Forecasting results for Mt. Etna
Table 5.2 contains the results of seven forecasts performed on both the 1600-2010 and 
1670-2010 flank eruption duration data of Mt. Etna. The primary difference between 
these two time periods is the longer durations associated with the 1600-1670 eruptions 
and as a result the probability of exceeding a given duration is consistently, but not 
considerably, lower for the 1670-2010 dataset which does not contain these eruptions 
(Table 5.2). For example, when the 1600-2010 data is considered, results show an 84 
% (±  5 %) probability of exceeding 1 week (7 days) and a 57 % (±  7 %) probability 
of exceeding 1 month (30 days) which are reduced to 83 % and 52 % when only the 
1670-2010 data is considered (Tables 5.2a and b). A similar trend is present in the 
results of the residual life function.
Quantile function results based on the 1600-2010 data suggest that a future flank erup­
tion at Mt. Etna is likely to exceed 20 days (±  7 days) and unlikely to exceed 86 days 
(±  28 days) (Table 5.2a). When the dataset is restricted to the period 1670-2010 these
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Table 5.1: Parameter values, Kolmogorov-Smimov (KS)  test and likelihood ratio (LR) test 
results for theoretical distributions fitted to the flank eruption duration data of Mt. Etna for (a) 
1600-2010 and (b) 1670-2010
(a) 1600-2010
Exponential Weibull Log-logistic Burr type XII
fi = 175.33 P = 0.57 /3 = 0.95 a  = 1.44
p  = 97.06 cr = 40.64
t-HOOoIIQQ.
C T =  111.14
D 0bs 0.333 0.097 0.095 0.080
P 0.000 0.177 o 0.100 o 0.199 o
r 3000 2862 3000 2980
L R  test statistic (log-logistic and Burr type XII): 0.726
(b) 1670-2010
Exponential Weibull Log-logistic Burr type XII
0  = 92.12 P = 0.69 (3 = 1.01 a  = 65.96
0  = 71.01 a = 33.07 P = 0.69
£7 = 52116.85
D 0bs 0.264 0.115 0.096 0.115
P 0.000 0.077 o 0.138 o 0.055 o
r 3000 2930 3000 2909
L R  test statistic (log-logistic and Burr type XII): 3.282
In both tables:
o not significant al the 0.05 level (p-value > 0.05).
D0bs = KS  statistic, p  = estimated p- value and r = final bootstrap size.
durations are reduced to 17 days (±  6 days) and 67 days (±  22 days) respectively 
(Table 5.2b).
Mulargia et al. (1985) performed extreme value statistics on flank eruption duration 
data from Mt. Etna and concluded a 65 % probability of a 500 day eruption in the 
next 100 years. This highlights the difference between models designed to forecast 
‘worse case scenarios’ (e.g. Mulargia et al. (1985)) and those designed to forecast
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Table 5.2: Survivor function (SF), residual life function (Rufe) and quantile function (Q) 
forecasts for flank eruption durations based on the (a) 1600-2010 and (b) 1670-2010 data of 
Mt. Etna. For the residual life function t = 7 days
(a) 1600-2010 (log-logistic) (b) 1670-2010 (log-logistic)
C/I C/I
Input Result 95% 80% Input Result 95 % 80%
S
F
I d  
30 d 
365 d
84% 
57% 
11 %
± 8 %  
±  11 % 
± 6 %
± 5 %
± 7 %
± 4 %
I d  
30 d 
365 d
83%
52%
8%
± 9 %  
±  12% 
± 5 %
± 6 %  
±  8 % 
± 4 %
i 2 l d
of 74 d
77%
43%
± 7 %  
±  11 %
± 4 %
± 7 %
^ 2ld 
0? 14 d
74%
37%
±  8 % 
±  12%
± 5 %  
±  8 %
O*
0.34
0.67
20 d 
86 d
±  10 d
± 4 3  d
± 1  d 
± 2 8  d
0.34
O*
0.67
17 d 
67 d
± 9  d 
± 3 4  d
± 6  d 
± 2 2 d
In both tables:
d = days, C/I = confidence interval
typical eruptive behaviour (the current study). Both types of model have their uses, 
and a combined approach would best inform mitigation strategies highlighting not just 
what events are likely in the future but also what extreme events have the potential to 
occur.
5.2 Forecasting the duration of eruptions from Kilauea
The Kilauea dataset compiled for this study stops with the onset of the Pu’u’O’o - 
Kupaianaha eruption in January 1983. This eruption was still continuing on 19 July 
2013 (Heliker and Mattox, 2003; Venzke et al., 2013). The forecasts made here do 
not necessarily refer to future eruptions at Kilauea but represent what would have been 
expected prior to the 1983 eruption.
Section 3.2 demonstrated improvement in the reporting of eruptive activity at Kilauea 
following the establishment of the Hawaiian Volcano Observatory in 1912. Temporal
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and spatial analyses performed on durations reported for the period 1912-1983 identi­
fied a higher proportion of short duration eruptions following 1959, however, it is un­
clear whether these reflect an earlier reporting bias or a new eruption duration regime 
in response to a change in the physical properties of the volcano’s plumbing system. 
Eruption duration forecasts have been made using both the 1912-1983 and 1960-1983 
datasets.
5.2.1 Identifying the best fit distribution to the data of Kilauea
Parameter values for the best fit exponential, Weibull, log-logistic and Burr type XII 
distribution of each dataset are reported in Table 5.3. Fig. 5.2 plots the survivor func­
tion of each fitted distribution alongside the empirical survivor function curve of the 
corresponding observed data.
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Fig. 5.2 Empirical survivor function curves and fitted theoretical distributions for the 
duration of eruptions at Kilauea for the periods (a) 1912-1983 and (b) 1960-1983 (data 
from Table 3.2). Parameter values can be found in Table 5.3
K S  goodness-of-fit tests indicate that the log-logistic and Burr type XII distributions
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provide adequate fits to the data (Table 5.3). For the 1912-1983 dataset, strong simi­
larities exist between these two distributions (Fig. 5.2a) and a L R  test indicates that 
there is no benefit in employing the Burr type XII distribution (Table 5.3a) and a log- 
logistic distribution forms the basis of the 1912-1983 forecasts of Kilauea. A L R  test 
performed on the best fit log-logistic and Burr type XII distributions of the 1960-1983 
data is also not significant at the 0.05 level, however, the test statistic (3.754) is very 
close to the critical value of 3.84. This, in conjunction with the visually poorer fit of 
the log-logistic distribution to the long and short duration tails of the data (Fig. 5.2b) 
has led to the best fit Burr type XII distribution being used to model the 1960-1983 
data in the following forecasts.
5.2.2 Forecasting results for Kilauea
Table 5.4 contains the results of nine forecasts performed on both the 1912-1983 and 
1960-1983 duration data of Kilauea. Forecasts of 0 % do not indicate that an event of 
this duration is impossible, but reflect probabilities of between 0 and 0.5 but have been 
rounded for presentation purposes in Table 5.4.
The primary difference between the 1912-1983 and 1960-1983 datasets exists in the 
short duration data (Fig. 5.2) and is reflected in the survivor function forecasts made 
where exceedance probabilities for x  = 3, 7 and 30 days are lower when based on 
the 1960-1983 data than when based on the 1912-1983 data (Table 5.4). In contrast, 
forecasts performed for longer durations show the opposite relationship, with the prob­
ability of an eruption exceeding a duration of 1 year (365 days) increasing from 3 % 
(±  2 %) to 6 % (±  5 %) when the data is restricted to the period 1960-1983 (Table 
5.4). A similar trend exists in the residual life function results (Table 5.4).
It is worth noting that although the difference between the forecasting results obtained 
from these two datasets is larger than those between the two versions of the Mt. Etna
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Table 5.3: Parameter values, Kolmogorov-Smimov (KS)  test and likelihood ratio (LR) test 
results for theoretical distributions fitted to the duration data of Kilauea for (a) 1912-1983 and 
(b) 1960-1983
(a) 1912-1983
Exponential Weibull Log-logistic Burr type XII
/z = 71.39 p  = 0.45 P = 0.84 a  = 0.55
H = 22.10 a  = 6.66 P = 1.25
cr = 1.87
D 0bs 0.490 0.378 0.111 0.094
P 0.000 0.000 0.126 o 0.326 o
r 3000 2851 3000 2958
L R  test statistic (log-logistic and Burr type XII): 1.505
(b) 1960-1983
Exponential Weibull Log-logistic Burr type XII
fi = 86.92 P = 0.40 P = 0.82 a  = 0.44
/z = 16.79 a  = 4.02 P = 7.88
a = 0.62
D 0bs 0.610 0.484 0.096 0.103
V 0.000 0.000 0.679 o 0.541 o
r 3000 2971 3000 2905
L R  test statistic (log-logistic and Burr type XII): 3.754
In both tables:
o not significant at the 0.05 level (p-value > 0.05).
Dobs = KS  statistic, p = estimated p-value and r = final bootstrap size.
dataset (section 5.1.2) they often fall within the range defined by 80 % confidence 
intervals. For example when the 1912-1983 data is used a future eruption has a 22 % 
(±  7 %) probability of exceeding 30 days, resulting in a probability range of 15-29 %. 
This therefore covers the probability calculated when the 1960-1983 data is used of 18 
% (±  8 %) (Table 5.4).
The next eruption to occur at Kilauea was the January 1983 Pu’u’O’o - Kupaianaha
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Table 5.4: Survivor function (SF), residual life function (Rn fe) and quantile function (Q) 
forecasts for eruption durations based on the (a) 1912-1983 and (b) 1960-1983 data of 
Kilauea. For the residual life function t = 3 days
(a) 1912-1983 (log-logistic) (b) 1960-1983 (Burr type XII)
Input Result
C/I
Result
C/I
95 % 80% Input 95% 80%
3 d 66% ± 1 3 % ± 8 % 3 d 49% ±  18% ±  12%
b, ™ 49% ±  14% ± 9 % 1^  7 d 34% ±  15% ±  10%
05 30 d 22% ±  11 % ± 7 % ^ 3 0  d 18% ±  13% ± 8 %
365 d 3% ± 3 % ± 2 % 365 d 6% ± 8 % ± 5 %
30 y 0% ± 0 % ± 0 % 30 y 1 % ± 3 % ± 2 %
^ 10 <2*«■» 63% ±  11 % ± 7 % £  10 d 59% ±  17% ±  11 %
0^  33 d 31% ±  14% ± 9 % 0? 33 d 35% ± 2 1  % ±  14%
0.34 3 d ± 2  d ± 1  d 0.34Csv 1 d ±  Id ± 1  d
0.67 15 d ± 1 1  d ± 1  d W 0.67 8 d ± 8  d ± 5  d
In both tables:
d = days, y = years 
C/I = confidence interval
eruption. The empirical forecasting model gives a very low probability of an eruption 
exceeding a 30 year duration at Kilauea, the highest result being 1 % (±  2 %) when the 
1960-1983 dataset is used (Table 5.4). The 18^ Century sustained summit eruption of 
Kilauea which was dominated by lava lake activity (# 1, Table 3.2) is arguably similar 
to the on-going Pu’u’O’o - Kupaianaha eruption, however due to the possible reporting 
biases discussed in Chapter 3 this eruption is not included in either of these datasets. 
The addition of this 36,890 day eruption to the 1960-1983 dataset has the effect of 
increasing the probability of an > 30 year duration eruption at Kilauea to only 3 % (± 
3 %) (forecast obtained using a Burr type XII distribution with a  = 0.35, f3 = 2.33 and 
a = 0.46).
Although events with such low probabilities do occur they are incredibly rare and it 
is reasonable to suppose that the physical properties of the plumbing system beneath 
Kilauea changed, allowing such an unusually long duration eruption to occur. Evi­
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dence for a change in volcanic activity prior to the eruption includes a dominance of 
intrusions following the magnitude 7.2 earthquake in 1975 and Heliker and Mattox 
(2003) suggest that three intrusions that occurred in the upper ERZ from September 
to December 1982 may have primed the magmatic system for the eruption in January 
1983. The idea of a change in the physical properties of Kilauea prior to the January 
1983 Pu’u’O’o - Kupaianaha eruption will be returned to in Chapter 7.
5.3 Forecasting the duration of future eruptions from 
Piton de la Foumaise (PdLF)
A good historical record exists for PdlF and in terms of reported durations the early 
eruption record was found to be less biased than the other datasets investigated in 
this study (subsection 3.3.4). The duration data from PdlF in the period 1911-2011 
was found to be bimodal, and although this was visually more pronounced for data 
from the period 1972-1992 than that before or after it and least pronounced in distal 
eruptions from outside the Enclos Fouque caldera, these variations were not found 
to be significant at the 0.05 level (Chapter 4). Therefore data from the 1911-2011 
period forms the basis of the forecasting model presented in the following sections, 
however, modified versions of the data according to these visual findings are also used 
to reduce the bimodal nature of the observed data and improve the fit of theoretical 
distributions.
5.3.1 Identifying the best fit distribution to the data of PdlF
Parameter values for the best fit exponential, Weibull, log-logistic and Burr type XII 
distribution of the 1911-2011 dataset are reported in Table 5.5a. Fig. 5.3a plots the 
survivor function of each fitted distribution alongside the empirical survivor function
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curve of the observed data. The shape of the 1911-2011 empirical survivor function 
curve (Fig. 5.3a) reflects the bimodal nature of the duration data for PdlF. Visually it is 
evident that all four theoretical distributions provide a poor fit to the data at durations 
< 10 days (Fig. 5.3a). K S  goodness-of-fit tests support this observation with only the 
Burr type XII distribution having a p-value of > 0.05 (0.091) (Table 5.5a).
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Fig. 5.3 Empirical survivor function curves and best fit theoretical distributions for 
the duration of eruptions at PdlF for the period (a) 1911-2011, (b) 1998-2011 and (c) 
1911-2011 but restricted to eruptions > 2 days (data from Table 3.3). Parameter values 
can be found in Table 5.5
The temporal analyses of section 4.4 identified a reduced bimodal distribution in data 
from the periods 1911-1966 and 1998-2011. The empirical survivor function curve 
and its fitted exponential, Weibull, log-logistic and Burr type XII distributions for the
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Table 5.5: Parameter values, Kolmogorov-Smimov (KS)  test and likelihood ratio (LR) test 
results for theoretical distributions fitted to the duration data of PdlF for (a) 1911-2011, (b) 
1998-2011 and (c) 1911-2011 durations > 2 days
(a) All reported durations, 1911-2011
Exponential Weibull Log-logistic Burr type XII
/i = 25.57 0 = 0.74 /3 = 1.07 a = 7.44
p = 21.04 cr= 11.28 /3 = 0.79
<7 = 318.19
D 0bs 0.189 0.103 0.127 0.111
P 0.000 0.002 0.000 0.091 o
r 3000 3000 3000 2865
L R  test statistic (log-logistic and Burr type XII): 14.510
(b) All reported durations, 1998-2011
Exponential Weibull Log-logistic Burr type XII
/z = 29.18 0 = 0.81 ^ = 1.21 a  = 4.90
// = 25.81 a = 14.93 0 = 0.91
a = 139.15
D 0bs 0.128 0.104 0.125 0.106
P 0.424 o 0.514 o 0.121 o 0.874 o
r 3000 2998 3000 2966
L R  test statistic (log-logistic and Burr type XII): 2.948
(c) Durations > 2 days, 1911-2011
Exponential Weibull Log-logistic Burr type XII
!i = 34.36
t-"oII /3 = 2.08 a = 1.63
p  = 35.49 <7 = 22.14 0 = 2.48
cr = 16.64
D 0bs 0.143 0.119 0.055 0.050
P 0.005 0.003 0.594 o 0.673 o
r 3000 3000 3000 3000
L R  test statistic (log-logistic and Burr type XII): 1.187
In all three tables: o not significant at the 0.05 level (p-value > 0.05). 
Dobs = KS  statistic, p = estimated p-value and r = final bootstrap size.
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most recent dataset (1998-2011) are displayed in Fig. 5.3b. Significance tests indicate 
that although the theoretical distributions are still poor descriptors of durations < 10  
days it is conceivable that the observed data could have derived from any of the four 
distributions (Table 5.5b). Differences can be observed in the three best fit distribu­
tions, with the log-logistic distribution proving a poor fit the long duration tail of the 
observed data and the exponential distribution showing the greatest divergence at low 
durations (Table 5.5b). Despite a L R  test indicating that there is little benefit in using 
the Burr type XII distribution in preference to the log-logistic distribution, the visually 
better fit of the Burr type XII distribution led to its use in forecasts performed from this 
dataset.
Eruption durations from distal vents at PdlF (outside the Enclos Fouque caldera) also 
appear to have a reduced bimodal shape to their duration distribution. However, distal 
eruptions are rare and this result is based on only 8 known durations from the period 
1911-2011 and therefore is considered inconclusive and forecasts have not been per­
formed for these eruptions separately here.
As previously mentioned the duration data for PdlF in the period 1998-2011 is not en­
tirely free of a bimodal distribution and theoretical distributions struggle to accurately 
describe the data at durations <10 days. The bimodal nature of the PdlF data has one 
mode affects duration of <  2 days, and the ability to forecast such short duration erup­
tions is considered unnecessary from a hazard perspective (longer duration eruptions 
are likely to have a greater impact of the lives of surrounding communities. Instead 
eruptions of <  2 days have been excluded and this restricted dataset is used to perform 
forecasts for the duration of future eruptions (Fig. 5.3c). In this sense, the model is 
similar to the residual life function. Further applications of this model on data which 
is bimodal, with both modes affecting sufficiently long durations may require a com­
bination of theoretical distributions to model the observed data more effectively.
K S  goodness-of-fit test results indicate that the > 2 day data could have derived from
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either the log-logistic or Burr type XII distribution and a L R  test indicates that there 
is no benefit in employing the Burr type XII distribution rather than the log-logistic 
distribution (Table 5.5c). The log-logistic distribution is therefore used in the forecasts 
of the following section. Forecasts based on the complete 1911-2011 dataset and the 
temporally restricted 1998-2011 dataset using their best fit Burr type XII distributions 
(Table 5.5a and b) are also performed for comparative purposes.
5.3.2 Forecasting results for PdlF
Table 5.6 contains the results of eight forecasts based on data from 1911-2011, 1998- 
2011 and a restricted dataset of durations > 2 days. To simplify future discussion these 
datasets will be referred to as 1911-2011 (unrestricted), 1998-2011 and 1911-2011 
(restricted) respectively.
For the 1911-2011 (unrestricted) data and the 1998-2011 data residual life functions 
have been performed for total durations of 7 and 30 days where t  = 2 days (Table 5.6a 
and b). This scenario is comparable to the survivor function results for 7 and 30 days 
based on the 1911-2011 (restricted) data (Table 5.6c). The key difference between 
these two methods is that the restricted data has its own best fit theoretical distribution 
on which forecasts are based, however, the residual life function does not find a new 
best fit distribution to the data with duration > t  but uses the original distribution in its 
calculations. In response to this the probability of exceeding 7 or 30 days is highest 
when the survivor function is used on the restricted data and the difference between the 
results is reduced when longer durations are considered. For example the difference is 
28 % for 7 days and 9 % for 30 days, Table 5.6.
Using the 1911-2011 (restricted) data the quantile function indicates that once a future 
eruption of PdlF has been on-going for 2 days its total duration is likely to exceed 16 
days (dt 2 days) but unlikely to exceed 31 days (±  4 days) (Table 5.6c).
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Table 5.6: Survivor function (SF), residual life function (Rufe) and quantile function (Q) 
forecasts for eruption durations based on the (a) 1911-2011 data, (b) 1998-2011 and (c) 
1911-2011 data excluding eruptions < 2 days. For the residual life function of table (a) and 
(b) t = 2 days and table (c) t = 7 days
(a) 1911-2011: All data (Burr type XII)
Input Result 95 %
cn
80%
3 d 79% ± 6 % ± 4 %
SF I d 64% ± 7 % ± 5 %
30 d 26% ± 6 % ± 4 %
180 d 1 % ±  1 % ±  1 %
u I d 76% ± 4 % ± 3 %
30 d 31% ± 7 % ± 5 %
rv 0.34 6 d ± 1 3  d ± 8  d
0.67 23 d ± 3 8  d ± 2 5  d
(b) 1998-2011: All data (Burr type XII)
ca
Input Result 95 % 80%
3 d 85% ±  11 % ± 7 %
S
F I d 71 % ± 1 3 % ± 9 %
30 d 30% ±  14% ± 9 %
180 d 1 % ±  3 % ± 2 %
<u I d 79% ±  8 % ± 5 %
0? 30 d 34% ± 1 5 % ±  10%
rv 0.34 9 d ±  30 ± 1 9  d
0.67 27 d ±  75 d ± 4 9  d
(c) 1911-2011: Durations > 2 days 
(log-logistic)
Input Result 95 %
C/I
80%
3 d 98% ±  1 % ±  1 %
SF I d 92% ± 4 % ± 3 %
30 d 35% ± 8 % ± 6 %
180 d 1 % ±  1 % ±  1 %
u•H 14 d 73% ± 8 % ± 5 %
0? 37 d 37% ± 8 % ± 5 %
rv 0.34 16 d ± 3  d ± 2  d
0.67 31 d ±  6 d ±  4 d
In all three tables tables:
d = days, C/I = confidence interval
Since the submission of this thesis a short, 1 day eruption has occurred at PdlF (21-22 
June 2014 (Venzke et al., 2013)). For reasons previously discussed the model presented 
here poorly describes such short duration eruptions and therefore this eruption cannot
186
CHAPTER 5. DURATION FORECASTING
be used to validate the forecasting results obtained.
5.4 Forecasting the duration of volcanic eruptions on 
Iceland
5.4.1 Forecasting mixed eruption durations (d:>llt and f/[) from Hekla
The unusually complete record of eruptions from Hekla in the period 1300-2000 has 
enabled volcano-specific forecasts of the total duration (d4) and the duration of the 
initial explosive phase (J3a) of mixed eruptions to be performed. Chapter 4 identified 
a decrease in the d4 duration of these eruptions following 1947 which is unlikely to 
be related to reporting. Eruption duration forecasts have therefore been made on two 
datasets of d4 durations for the periods 1300-2000 and 1948-2000. Temporal variations 
in the d3a durations were not found and therefore the forecasts in the following sections 
are based on all available durations of this type in Table 4.2.
Identifying the best fit distribution to the d3a and d4 data of Hekla
Parameter values for the best fit exponential, Weibull, log-logistic and Burr type XII 
distribution of each dataset are reported in Table 5.7. Fig. 5.4 plots the survivor func­
tion of each fitted distribution alongside the empirical survivor function curve of the 
corresponding observed data.
K S  goodness-of-fit tests indicate that the d3a data could have derived from any of the 
tested distributions (Table 5.7). Visually there is very little difference between their 
survivor function curves and a L R  test indicates that there is no benefit in employing 
the more complex Burr type XII distribution rather than the log-logistic distribution.
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Fig. 5.4 Empirical survivor function curves and best fit theoretical distributions for the 
duration of mixed eruptions from Hekla, Iceland, (a) d3a: 1300-2000, (b) <i4: 1300- 
2000 and (c) dA: 1948-2000. Parameter values can be found in Table 5.5
The log-logistic distribution has been used to perform forecasts of this type of duration 
from Hekla.
For the 1300-2000 d4 data of Hekla K S  tests indicate that the data could have derived 
from the exponential, Weibull or Burr type XII distributions (Table 5.7b). The p-value 
obtained for the log-logistic distribution is 0.047 and although this implies that it is a 
poor fit to the observed data a L R  test suggests that there is no benefit in using the Bun- 
type XII distribution in preference to the log-logistic distribution. The L R  test statistic 
(3.310) is close to the critical value (3.84) and given that the log-logistic distribution
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Table 5.7: Parameter values, Kolmogorov-Smimov (KS)  test and likelihood ratio (LR) test 
results for theoretical distributions fitted to the mixed eruption duration data of Hekla, Iceland, 
(a)d3a: 1300-2000, (b) d±\ 1300-2000 and (c) d4: 1948-2000
(a) d3a: 1300-2000
Exponential Weibull Log-logistic Burr type XII
H = 0.21 P = 1.44 
// = 0.23
P = 2.19 
cr = 0.16
a  = 26.65 
P =1.48 
cr = 1.56
Dobs
P
r
0.195 
0.074 o 
3000
0.192 
0.553 o 
2877
0.162 
0.697 o 
3000
0.186 
0.447 o 
2901
L R  test statistic (log-logistic and Burr type XII): 0.167
(b) dA: 1300-2000
Exponential Weibull Log-logistic Burr type XII
\i = 224.33 P = 0.79 
fjt = 200.85
P = 0.98 
( 7 =  112.73
a = 139.37 
P = 0.81 
£ 7 =  119305.99
D 0bs
P
r
0.202 
0.413 o 
3000
0.204 
0.187 o 
2939
0.213
0.047
3000
0.203 
0.109 o 
2990
L R  test statistic (log-logistic and Burr type XII): 3.301
(c )d 4: 1948-2000
Exponential Weibull Log-logistic Burr type XII
fi = 27.00 P = 0.98 
p = 26.76
P = 1.37 
£7 = 14.67
a  = 0.77 
P = 2.67 
£7 = 4.70
D 0bs
P
r
0.265 
0.614 o 
3000
0.258 
0.405 o 
2999
0.253 
0.271 o 
3000
0.246 
0.271 o 
2997
L R  test statistic (log-logistic and Burr type XII): 0.021
In all three tables: o not significant at the 0.05 level (p-value > 0.05). 
Dobs = KS  statistic, p = estimated p-value and r = final bootstrap size.
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has a K S  test p-value of < 0.05 the Burr type XII distribution is used to perform the 
duration forecasts of the following section (Table 5.7b).
When only the most recent durations are considered (1948-2000) all four theoretical 
distributions have K S  test results indicating that they adequately describe the observed 
data (Table 5.7c). The survivor function curves of the distributions plot with similar 
shapes and positions and this, combined with the small sample size, makes deciding 
which distribution to use in the forecasting model difficult. A log-logistic distribution 
often provides adequate fit to eruption duration data and therefore the best fit log- 
logistic distribution of the 1948-2000 d4 data has been used to perform the following 
duration forecasts.
Forecasting results for mixed eruptions from Hekla
Table 5.8 contains the results of seven forecasts made from the best fit log-logistic 
distribution of the d3a’ 1300-2000 dataset. Due to the short duration of these eruptions 
input values for the survivor function (x) and the residual life function {x and t) are 
considerably smaller than they are for the other forecasts made in this study. Despite 
this, results indicate that the probability of the initial explosive phase of a future mixed 
eruption from Hekla exceeding 12 hours (0.5 day) is only 8 % (±  9 %) (Table 5.8). 
Furthermore quantile function results indicate that the dSa duration of a future mixed 
eruption at Hekla is likely to exceed 3 hours (±  1 hour) but unlikely to exceed 5 hours 
(±  2 hours) (Table 5.8).
Nine forecasts have been made for the d4 datasets of Hekla (1300-2000 and 1948-2000) 
and their results are displayed in Table 5.9. Eruptions during the period 1300-1947 
were considerably longer than any mixed eruption of Hekla since and the absence of 
these long duration eruptions in the 1948-2000 dataset is reflected in the forecasting 
results obtained. For example when the 1300-2000 data is used the probability of an
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Table 5.8: Survivor function (SF), residual life function (Rufe) and quantile function (Q) 
forecasts for the initial explosive phase duration of mixed eruptions (dsa) from Hekla for the 
period 1300-2000. For the residual life function t = 0.25 days
1300-2000: d^ a (log-logistic)
C/I
Input Result 9 5 % 8 0 %
S
F
0.25 d 
0.5 d 
I d
27%
8%
2%
± 2 6 %
± 1 3 %
± 5 %
±  17% 
± 9 %  
± 3  %
J  0.75 d 12 % 
0? 1.25 d 4%
±  18% 
± 9 %
±  12% 
± 6 %
Or
0.34
0.67
0.12 d 
0.22 d
±  0.07 d ±  0.04 d 
±  0.13 d ±  0.08 d
d = days, C/I = confidence interval
eruption duration exceeding 30 days is 81 % (±  12 %) and is reduced to 27 % (±  23 
%) when the data is restricted to the period 1948-2000 (Table 5.9). Even when the 80 
% confidence intervals are taken into account these probabilities do not overlap (Table 
5.9).
The same relationship is true for the residual life function and quantile function fore­
casts (Table 5.9). Considering that the 1948-2000 period represents the most recent 
eruptions at Hekla it is probable that eruptions during this period best reflect the state 
of the plumbing system beneath Hekla today and therefore forecasts of future activity 
are based on the eruptions within this time period. Quantile functions performed on 
this data indicate that a future mixed eruption at Hekla is likely to exceed 9 days (±  7 
days) but unlikely to exceed 25 days (±  20 days) (Table 5.9b).
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Table 5.9: Survivor function (SF), residual life function (Rufe) and quantile function (Q) 
forecasts for the total duration of mixed eruptions from Hekla based on data from the periods 
(a) 1300-2000 and (b) 1948-2000. For the residual life function t = 7 days
(a) d4, 1300-2000 (Burr type XII) (b) d4, 1948-2000 (Log-logistic)
Input Result
C/I
Input Result
C/I
95 % 80% 95 % 80%
I d 94% ±  10% ± 6 % I d 73% ± 3 4 % ± 2 2 %
30 d 81 % ±  18% ±  12% 30 d 27% ± 3 5 % ± 2 3 %
CQ 365 d 21 % ±  19% ±  12% 365 d 1 % ± 4 % ± 3 %
730 d 6% ±  12% ± 8 % 730 d 0 % ± 2 % ±  1 %
v 37 d 83% ± 1 3 % ± 9 8 % <u 31 d 30% ± 3 6 % ± 2 4 %
Crf 187 d 43% ± 2 1  % ±  14% 187 d 4 % ±  11 % ± 7 %
313 d 21 % ±  19% ±  13% 313 d 2 % ± 6 % ± 4 %
rv 0.34 70 d ± 7 1  d ± 4 1  d rv 0.34 9 d ±  11 d ±  7 d
0.67 236 d ±  169 d ±111  d 0.67 25 d ±  30 d ±  20 d
In both tables:
d = days, C/I = confidence interval
5.4.2 Forecasting the duration of single basaltic eruptions (dG) on 
Iceland
Single basaltic eruptions with reported durations have occurred from seven volcanic 
systems on Iceland since 1300 AD. Section 3.4 suggested that the severity of reporting 
bias varies for each volcanic system according to their geographical location and the 
different population densities surrounding them. As a result a unique point in time 
after which the historical record for this type of eruption can be considered complete 
has not been identified.
The general nature of reporting is such that with time increased human population and 
detection of small eruptions results in fewer short duration eruptions going unnoticed. 
In terms of forecasting this increased proportion of short duration eruptions reported 
in more recent years causes the probability of exceeding a given duration to decrease.
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A forecast performed on a less biased dataset would then indicate that long durations 
are less likely than forecasts performed on the dataset that is currently available. The 
results here can therefore be considered a conservative forecast, i.e. probabilities are 
most probably over-estimates. To assess how different these results could be, forecasts 
are performed based on the dG duration data for the period 1300-2011 and also a smaller 
subset of most recent data (1900-2011).
The analyses of Chapter 4 identified a significant difference between the duration of 
eruptions from volcanic systems situated inside and outside the active rift zone on 
Iceland . Volcano specific investigations also found that eruptions from Krafla have a 
significantly different duration distribution to those of Grfmsvotn, Askja and Katla. In 
the following sections the forecasting model has been performed on dQ duration data 
from inside rift volcanic systems and outside rift volcanic systems. Durations from the 
Krafla volcanic system have been forecast separately and therefore its durations are 
excluded from the inside rift dataset.
Identifying the best fit distributions to the dG data of Iceland
Parameter values for the best fit exponential, Weibull, log-logistic and Burr type XII 
distribution for the dG duration data of Iceland from the periods 1300-2011 and 1900- 
2011 are reported in Table 5.10. Fig. 5.5 plots the survivor function of each fitted 
distribution alongside the empirical survivor function curve of the corresponding ob­
served data.
K S  goodness-of-fit tests indicate that the 1300-2011 dataset could have derived from 
the Weibull, log-logistic or Burr type XII distributions (Table 5.10a), whereas only the 
log-logistic and Burr type XII distributions of the 1900-2011 dataset yield p- values 
of > 0.05 (Table 5.10b). A L R  test indicates that in both cases there is no benefit in 
employing the Burr type XII distribution in preference to the log-logistic distribution
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Fig. 5.5 Empirical survivor function curves and best fit theoretical distributions for 
the duration of single basaltic eruptions (d6) for volcanic systems on Iceland for the 
periods (a) 1300-2011 and (b) 1900-2011. Parameter values can be found in Table 
5.10
(Table 5.10). The poor fit of the exponential distribution is evident in Fig. 5.5, however, 
the Weibull, log-logistic and Burr type XII distributions plot with similar shapes and 
positions especially for the 1300-2011 dataset (Fig. 5.5). The best fit log-logistic 
distribution off each dataset will be used in the forecasts of the following section.
Maximum likelihood estimation has also been used to estimate the parameter values 
of these four theoretical distributions using data from the volcanic systems inside the 
axial rift, the volcanic systems outside the axial rift, and for Krafla. These are reported 
in Table 5.11 and displayed graphically in Fig. 5.6. K S  goodness-of-fit tests indicate 
that the inside rift duration data could have derived from either the log-logistic or Bun- 
type XII distribution (Table 5.11a). Visually the Bun type XII distribution appear 
to provide the best fit to the data, especially at low durations where the data lacks 
an obvious short duration tail (Fig. 5.6a). However, a L R  test comparing the log- 
logistic and Bun type XII distribution results in a test statistic that is 0.4 less than 
the critical value suggesting that there is little benefit in employing the more complex
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Table 5.10: Parameter values, Kolmogorov-Smimov (KS)  test and likelihood ratio (LR) test 
results for theoretical distributions fitted to the single basaltic eruption duration data (d§) of 
Iceland for (a) 1300-2011 and (b) 1900-2011
(a)d6: 1300-2011
Exponential Weibull Log-logistic Burr type XII
p  = 60.03 P = 0.56 P = 0.88 a =1.62
p = 33.69
oIIb P = 0.72
a  = 63.42
Dobs 0.366 0.130 0.108 0.103
p 0.000 0.098 o 0.160 o 0.213 o
r 3000 2981 3000 2954
L R  test statistic (log-logistic and Burr type XII): 1.095
(b )d 6: 1900-2011
Exponential Weibull Log-logistic Burr type XII
p = 65.07 P = 0.48 P = 0.80 a  = 0.89
p  = 26.07 (7 = 8.88 P = 0.75
(j = 12.20
D 0bs 0.494 0.181 0.138 0.137
P 0.000 0.034 0.124 o 0.126 o
r 3000 2978 3000 2927
L R  test statistic (log-logistic and Burr type XII): 0.044
In both tables:
o not significant at the 0.05 level (p-value > 0.05).
Dobs = KS  statistic, p = estimated p-value and r = final bootstrap size.
Burr type XII distribution instead of the log-logistic distribution (Table 5.1 la). Due to 
the closeness of this result to the critical value and the visually better fit of the Burr 
type XII distribution to the observed data this distribution is used to forecast future d6 
durations from inside rift volcanic systems in the following section.
In contrast, K S  goodness-of-fit tests performed on the outside rift duration data sug­
gest that a log-logistic distribution does not provide an adequate fit to the data. Weibull
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Table 5.11: Parameter values, Kolmogorov-Smimov (KS)  test and likelihood ratio (LR) test 
results for theoretical distributions fitted to the single basaltic eruption duration data (d^) of 
Iceland for (a) inside rift (b) outside rift and (c) Krafla
(a) d§\ Inside rift (excluding Krafla)
Exponential Weibull Log-logistic Burr type XII
H = 37.93 0 = 0.80 0 = 1.59 a = 0.87
li = 32.41 a = 15.54 0 = 4.27
<j = 6.02
D 0bs 0.310 0.227 0.174 0.113
P 0.016 0.025
o00o 0.758 o
r 3000 3000 3000 2859
L R  test statistic (log-logistic and Burr type XII): 3.425
(b) dft'. Outside rift
Exponential Weibull Log-logistic Burr type XII
li = 224.33 j3 = 0.79 0 = 0.98 a = 31.57
li = 200.85 < 7 = 1 12.73 0 = 0.72
cr= 18614.26
D 0bs 0.310 0.181 0.213 0.181
P 0.026 0.268 o 0.047 0.211 o
r 3000 2987 3000 2903
L R  test statistic (log-logistic and Burr type XII): 0.685
(c)d 6: Krafla (1975-1984)
Exponential Weibull Log-logistic Burr type XII
li = 4.24 j3 = 0.74 0 = 0.95 a = 848.38
H = 3.58 (7=1.12 0 = 0.74
<j = 490475.72
D 0bs 0.333 0.277 0.291 0.278
P 0.063 o 0.046 0.003 0.022
r 3000 2993 2992 2997
L R  test statistic (log-logistic and Burr type XII): 1.671
In all three tables: o not significant at the 0.05 level (p-value > 0.05). 
Dobs = KS  statistic, p  = estimated p-value and r = final bootstrap size.
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and Burr type XII distributions result in p-values of > 0.05 (Table 5.11b) and plot in 
almost identical positions on Fig. 5.6b. Considering that the forecasting model has 
been applied to the best fit Burr type XII distribution of the inside rift data, the same 
distribution is used for the outside rift data.
With the exception of the 1724 eruptions the dataset of single basaltic eruptions from 
Krafla all represent individual eruptions during the longer basaltic eruption sequence 
of the 1975-1984 Krafla fires. The data is therefore restricted to this time period for 
forecasting purposes. Visually the Weibull and Burr type XII distributions plot with 
almost identical shapes and positions and all four distributions poorly describe the 
observed data at low durations (Fig. 5.6c). Interestingly the exponential distribution, 
which appears to give the worst fit to the data at short durations, is the only distribution 
that is considered adequate by a K S  goodness-of-fit test (Table 5.1 lc).
The Weibull distribution has a p-value of 0.046 and is therefore close to 0.05 (Table 
5.11c) and visually plots closer to the low duration portion of the data while maintain­
ing the good fit of the exponential distribution at longer durations (Fig. 5.6c). The 
Weibull distribution with parameter values displayed in Table 5.11c is therefore used 
to perform the duration forecasts for the Krafla volcanic system in the following sec­
tion.
Forecasting results for the duration of single basaltic eruptions (de) on Iceland
The same seven forecasts have been performed on the 1300-2011, 1900-2011 (Table 
5.12), inside rift, outside rift and Krafla (Table 5.13) datasets of single basaltic eruption 
durations on Iceland. As expected the reduced reporting bias towards large eruptions 
for the period 1900-2011 generally results in forecasts with lower exceedance proba­
bilities than the more biased 1300-2011 dataset (Table 5.12). Quantile functions based 
on the best fit log-logistic distribution of the 1300-2011 data indicate that the duration
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Fig. 5.6 Empirical survivor function curves and best fit theoretical distributions for the 
duration of single basaltic eruptions {da) from volcanic systems in different regions of 
Iceland, (a) dG: inside rift systems (excluding Krafla), (b) dG: outside rift systems and
(c) da’. Krafla (1975-1984). Parameter values can be found in Table 5.5
of a future basaltic eruption on Iceland is likely to exceed 7 days (±  3 days) and un­
likely to exceed 32 days (±  13 days) (Table 5.12a). These are reduced to 4 days (± 
2 days) and 22 days (±13  days) respectively when the 1900-2011 data is used (Table 
5.12b).
Table 5.13a and b display the forecasting results for the da 1300-2011 data separated 
into eruptions from volcanic systems inside and outside the active rift zone on Iceland. 
The very low proportion of outside rift eruptions with durations <10  days results in
Duration (days)
o
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( 1 9 7 5 - 1 9 8 4 )
CD
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O
O
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Table 5.12: Survivor function (SF), residual life function (Rufe) and quantile function (Q) 
forecasts for the duration of single basaltic eruptions (d§) from volcanic systems on Iceland 
for the periods (a) 1300-2011 and (b) 1900-2011. For the residual life function t = l  days
(a) de, 1300-2011 (Log-logistic) (b) de, 1900-2011 (Log-logistic)
C/1 cn
Input Result 9 5 % 80 % Input Result 9 5 % 80%
S
F
I d  
30 d 
365 d
65%
34%
5%
± 1 3 %  
±  13% 
± 5 %
± 9 %
± 8 %
± 3 %
I d  
% 30 d 
365 d
55%
27%
5 %
±  17% 
±  15% 
± 6 %
±  11 % 
±  10% 
± 4 %
i U d
0? 37 d
77%
46%
± 8 %
± 1 3 %
± 5 %
± 9 %
£ 1 4 d  
0? 31 d
75%
44%
±  10% 
±  17%
± 7 %  
±  11 %
Q*
0.34
0.67
I d  
32 d
± 4  d 
± 2 0  d
± 3  d 
± 1 3  d
0.34
Of
0.67
4 d 
22 d
± 4  d 
± 2 0  d
± 2  d 
± 1 3  d
In both tables:
d = days, C/I = confidence interval
higher exceedance probabilities for the same durations than for eruptions from inside 
rift volcanic systems (Table 5.13a and b). Quantile functions indicate that the duration 
of a future eruption of this type from an inside rift volcanic system (with the exception 
of Krafla) is likely to exceed 9 days (±  3 days) but unlikely to exceed 22 days (±  9 
days) whereas those from outside rift systems are likely to exceed 29 days (±21 days) 
but unlikely to exceed 115 days (±  6 days) (Table 5.13).
Despite being an inside rift volcanic system forecasts made for the duration of d6 erup­
tions from Krafla are quite different from those for the other inside rift systems (Tables 
5.13c and a respectively). Eruptions from Krafla are all very short and a quantile func­
tion implies that eruptions of this type from Krafla are likely to have durations in excess 
of 1 day (±  1 day) but are unlikely to exceed 4 days (±  2 days) (Table 5.13c). Although 
these forecasts are considered specific to the Krafla volcanic system they may actually 
provide insight into the duration of individual eruptive episodes during longer eruptive 
sequences on a more general level.
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Table 5.13: Survivor function (SF), residual life function (Riife) and quantile function (Q) 
forecasts for the duration of single basaltic eruptions (de) from different regions of Iceland.
(a) Inside rift zone systems (excluding Krafla), (b) Outside rift zone systems and (c) eruptions 
from Krafla for the period 1975-1984. For the residual life function of tables (a) and (b) t = 7 
days and table (c) t  = 1 day
(a) d§, Inside rift (Burr type XII) (b) d§, Outside rift (Burr type XII)
C/I C/I
Input Result 95% 80% Input Result 95 % 80%
S
F
I d  
30 d 
365 d
80% 
25% 
3 %
±  19% 
±  18% 
± 6 %
± 1 3 %  
±  11 % 
± 4 %
I d  
^ 3 0  d 
365 d
86%
65%
8%
±  15% 
± 2 2 %  
±  12%
± 9 %  
±  14% 
± 8 %
J  14 d 
C? 31 d
59%
26%
±  17% 
± 2 0 %
±  11 % 
± 1 3 %
J  14 d 
0? 31 d
91 % 
71 %
±  6 % 
±  15%
± 4 %  
±  10%
0*
0.34
0.67
9 d 
22 d
± 4  d 
± 1 4  d
±  3 d 
± 9  d
0.34
O*
0.67
29 d 
115 d
± 3 2  d 
± 9 1  d
± 2 1  d 
± 6 d
(c) d6, Krafla (Weibull)
an
Input Result 95% 80%
0.5 d 79% ± 2 2 % ±  14%
S
F I d 68% ± 2 6 % ±  17%
5 d 28% ± 2 3 % ±  15%
03 2 d 77% ± 1 3 % ± 9 %
G? 5 d 41 % ± 2 5 % ±  16%
rv 0.34 I d ± 1  d ±  1 d
0.67 Ad ± 4  d ±  2 d
In  all three tables tables:
d = days, C/I = confidence interval
5.4.3 Forecasting the total duration of basaltic eruption sequences 
(di) on Iceland
Given the limited data available for basaltic eruption sequences on Iceland additional 
analyses into any temporal or spatial variations that the dataset may contain could not
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be performed. Despite this duration forecasts are made based on the entire dataset of 
eight dj durations and their results discussed in the following sections.
Identifying the best fit distribution to the d7 duration data on Iceland
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Fig. 5.7 Empirical survivor function curves and best fit theoretical distributions for the 
total duration of basaltic eruption sequences (d7) on Iceland. Parameter values can be 
found in Table 5.14
Parameter values for the best fit exponential, Weibull, log-logistic and Burr type XII 
distribution of the d7 duration dataset are reported in Table 5.14. Fig. 5.7 plots the 
survivor function of each fitted distribution alongside the empirical survivor function 
curve of the observed data.
K S  test results indicate that the distribution of d7 durations on Iceland could have de­
rived from any of the four tested theoretical distributions (Table 5.14). Visually the 
exponential distribution provides a poor fit at lower durations, however, variations be­
tween the other distributions are slight (Fig. 5.7). A L R  test indicates that there is 
no benefit in employing the Burr type XII distribution instead of the log-logistic dis­
tribution. This, in conjunction with our findings that a log-logistic distribution often 
provides adequate fit to eruption duration data, is reason to use the log-logistic distri­
bution in the forecasts of the following section.
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Table 5.14: Parameter values, Kolmogorov-Smimov (K S ) test and likelihood ratio (LR) test 
results for theoretical distributions fitted to data for basaltic eruption sequence duration (dj) 
on Iceland
Exponential Weibull Log-logistic Burr type XII
fi = 1647.88 fi = 1.67 
p = 1844.62
fi = 2.19 
o-= 1368.91
a  = 2.71 
fi = 2.06 
a = 1566.50
Dobs
p
r
0.228 
0.571 o 
3000
0.183 
0.626 o 
2914
0.173 
0.582 o 
2999
0.178 
0.528 o 
2969
L R  test statistic (log-logistic and Burr type XII): 0.282
o not significant at the 0.05 level (p-value > 0.05).
D 0bs = KS  statistic, p = estimated p-value and r = final bootstrap size.
Forecasting results for the duration of basaltic eruption sequences (d7) on Ice­
land
Table 5.15 contains the results of seven forecasts based on the best fit log-logistic 
distribution of the d7 duration data. These data represent very long periods of con­
tinuous eruptive activity at individual volcanic systems on Iceland and therefore the 
input durations for the survivor function (x) and the residual life function (x and t) 
are considerable longer than they are for the other forecasts made in this study and are 
reported in years instead of days (Table 5.15). Quantile function results indicate that a 
future basaltic sequence is likely to exceed 2.77 years (d= 1.09 years) and unlikely to 
exceed 5.18 years (±  1.96 years) (Table 5.15).
5.5 Conclusions
The empirical probabilistic model outlined in Chapter 2 is used here to forecast the 
likely duration of future eruptions from the volcanic systems investigated in this study.
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Table 5.15: Survivor function (SF ), residual life function (Rufe) and quantile function (Q) 
forecast results for the total duration of basaltic eruption sequences (d?) (for the residual life 
function t = 1 year (365 days))
dj (log-logistic)
Cfl
Input Result 9 5 % 8 0 %
3 y 62% ± 3 0 % ± 2 0 %
S
F 5 y 35% ± 2 9 % ±  19%
7 y 20% ± 2 3 % ± 1 5 %
<u 3 y 65% ± 3 1  % ± 2 0 %
o? 5 y 37% ± 3 3 % ± 2 1  %
Or
0.34
0.67
2.77 y 
5.18 y
±  1.66 y 
±  3.00 y
±  1.09 y 
±  1.96 y
y = years, Cfl = confidence interval
The empirical nature of this model relies on historical eruption data being unbiased 
and a good representation of future activity. Here the analyses of Chapters 3 and 4 
have been used to restrict the available data such that it best fulfils this criteria. A 
marked effect on the forecasts generated could be observed when these results were 
compared to the same forecasts based on unrestricted datasets. For example forecasts 
made for Mt. Etna based on the 1600-2010 data compared to those based on the 1670- 
2010 data (Table 5.2) or for the basaltic eruption durations from volcanic systems on 
Iceland situated inside or outside the active rift zone (Table 5.13). This highlights the 
importance of data analyses prior to forecasting.
A modification of the forecasting model was presented to deal with data described by 
a bimodal distribution (e.g. PdlF eruption durations, section 5.3). The example of 
this study contained one mode with durations < 2 days, and as a result a restriction 
method was applied whereby input data was limited to historic eruption durations of 
>  2 days. If a bimodal distribution were encountered with modes of longer durations, 
where forecasting both aspects of the data accurately would be beneficial then a means 
of fitting a theoretical distribution which can model bimodal data would need to be
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developed. The method applied here is considered appropriate for the duration data of 
PdlF.
With the exception of Kilauea and PdlF, eruption durations since the end of the datasets 
compiled have not occurred and therefore verification of the accuracy of this forecast­
ing model on eruption durations has not been possible. For Kilauea, a survivor func­
tion forecast where x  = 30 years only resulted in a 1 % exceedance probability and it is 
concluded here that a fundamental change in the plumbing system occurred at Kilauea 
prior to this eruption, promoting its longer than expected duration. This is returned to 
in Chapter 7. For PdlF the most recent eruption was short, lasting only 1 day. Due 
to the bimodal nature of the PdlF dataset and the limitations of the forecasting model 
presented here, such short duration eruptions cannot be accurately forecast.
With time, not only can the forecasting results presented here be tested against future 
eruption durations from the investigated volcanic systems, but additional eruption du­
ration data will become available and can be added to the model input data. This will 
allow better constraints on the fitted theoretical distributions and a subsequent reduc­
tion of the uncertainty behind the estimated parameter values. As such the currently 
large confidence intervals should decrease.
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Chapter 6
An investigation of repose intervals
Piton de la Fournaise
http://w w w .jean-guichard.com
The focus of this PhD is to investigate volcanic eruption durations, however, with 
the exception of Kilauea and PdlF, it was not possible to compare the eruption dura­
tion forecasts presented in Chapter 5 with a subsequent eruption’s duration as the last 
recorded eruption of each system is within the time period of the input data. The model 
itself is not limited to use on eruption durations, but can be applied to other types of 
data. Repose intervals refer to the periods of inactivity between eruptions, and are as 
such a type of duration data and the volcanic systems of this study are either currently 
within a period of repose or, in the case of Kilauea, have had a period of repose since 
the end of the compiled dataset. This allows comparison of forecasting results with 
real-life data, to obtain some insight into the validity of the results produced.
Furthermore, while previous investigations into eruption durations are rare, studies 
concentrated on repose interval data are more common and have involved the use of
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survival analysis (Chapter 1). This allows the methods of this investigation to be com­
pared with those used in the past. Differences between the probabilistic model de­
veloped here and the very similar models of Connor et al. (2003, 2006) and Dzierma 
and Wehrmann (2010) were discussed in Chapter 2, however, the key differences were 
the use of maximum likelihood estimation to obtain theoretical distribution parameter 
values, the addition of a fourth theoretical distribution (Burr type XII) and the three 
types of forecast that are made in each case (survivor function, residual life function 
and quantile function). Where previous authors have made forecasts of future repose 
intervals at the volcanic systems investigated here, their results are compared to the 
results of this investigation in the appropriate sections.
6.1 The definition and calculation of repose interval
The definition of a repose interval is the period of inactivity between two volcanic 
eruptions eruptions (Klein, 1982). As such true repose intervals are calculated between 
the end date of one eruption and the start date of the next, however, due to difficulties in 
defining eruption end dates (see section 2.1) many previous studies have used eruption 
recurrence intervals (Fig. 6.1), measured between the start date of two successive 
eruptions (Klein, 1982; Mulargia et al., 1985; Stieltjes and Moutou, 1989; De la Cruz- 
Reyna, 1991; Bebbington and Lai, 1996; Passarelli et al., 2010). In using recurrence 
interval as a proxy for repose interval the assumption that eruption duration represents 
a negligible proportion of a recurrence interval is made.
Considering the focus of eruption duration when compiling datasets for this study, 
eruption end dates have been uniformly defined. The datasets presented in Chapter 
3 have enabled repose intervals to be calculated for the volcanic systems investigated 
here, and therefore recurrence intervals are not required. However, section 6.3 com­
pares repose intervals and recurrence intervals for each dataset in order to assess the
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Fig. 6.1 Schematic diagram highlighting the difference between a repose interval and 
a recurrence interval
validity of using recurrence interval as a proxy for repose where eruption end dates are 
unavailable or unclear. Repose interval is however used in all other analyses within 
this chapter.
Accurate calculation of repose intervals relies on information about eruption start and 
end dates and are therefore prone to the same reporting biases and uncertainties that 
were encountered during the eruption duration calculations of this study. Unlike erup­
tion duration data, any undocumented eruptions are of particular importance as they 
cannot be accounted for and thus apparently long repose intervals will exist as an arte­
fact of the data. Analyses of repose period data performed in this study have therefore 
been restricted to the time periods identified as free from reporting biases in Chapter 3 
and due to the likelihood that reporting biases still exist in most of the eruption record 
for Iceland, analyses are only performed on data for repose intervals between mixed
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eruptions from Hekla, which is considered more complete.
The tables of repose presented here represent the repose interval and recurrence in­
terval following each eruption, and as such the final eruption in each dataset does not 
have a known repose interval. The calculations themselves are based on the preferred 
start and end dates of eruptions and are all > 10 days due to the eruption duration def­
inition given in Chapter 2. Eruptions with unknown or unreliable eruption durations 
were excluded from the duration analyses of this study, and not presented in the data 
tables of Chapter 3. These eruptions are also not considered in the repose interval and 
recurrence interval calculations here, and therefore are the major reason why repose in­
tervals are missing in the following datasets. Where this is not the case specific reasons 
are given in the accompanying text.
6.2 Repose data available to this study
6.2.1 Repose intervals at Mt. Etna
The dataset of Mt. Etna flank eruptions enables 50 repose intervals to be calculated for 
the period 1600-2010 ranging from 22 days (0.06 years) to 52.87 years with an average 
of 5.73 years (Table 6.1).
Two eruptions were reported to start on 17 January 1651, however, the end date of 
only one of these eruptions is known, and it is this eruption which is included in the 
duration analyses of this study (#10, Table 3.1). The unknown end date of the other 
eruption creates ambiguity in the repose interval following eruptive activity at this time 
and therefore a true repose cannot be determined. A repose following eruption # 1 0  
therefore cannot be calculated.
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Table 6.1: Repose intervals following flank eruptions at Mt. Etna for the period 1600-2011
# Year
Interval (years)
Repose Recurrence
5 1610 3.88 4.4
6 1614 10.47 20.48
7 1634 6.69 8.18
8 1643 3.73 3.75
9 1646 4 4.16
10 1651 - -
11 1669 - -
12 1702 52.87 53.04
13 1755 - -
14 1763 0.27 0.36
15 1763 - -
16 1766 13.54 14.07
17 1780 12 12.03
18 1792 9.51 10.48
19 1802 6.36 6.37
20 1809 2.55 2.59
21 1811 7.09 7.59
22 1819 13.26 13.44
23 1832 10.99 11.05
24 1843 8.73 8.76
25 1852 11.69 12.45
Interval (years)
# Year Repose Recurrence
26 1865 - -
27 1879 3.79 3.82
28 1883 3.16 3.16
29 1886 6.09 6.15
30 1892 15.34 15.81
31 1908 1.9 1.9
32 1910 1.4 1.47
33 1911 - -
34 1923 5.3 5.38
35 1928 13.62 13.67
36 1942 4.66 4.66
37 1947 3.72 3.75
38 1950 4.25 5.27
39 1956 7.92 7.93
40 1964 3.87 3.93
41 1968 - -
42 1971 2.64 2.82
43 1974 0.06 0.11
44 1974 0.91 0.96
45 1975 0.25 0.76
46 1975 1.3 2.42
Continued on next page...
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Table 6.1 -  Continued
# Year
Interval (years)
# Year
Interval(years)
Repose Recurrence Repose Recurrence
47 1978 0.22 0.32 55 1986 2.58 2.91
48 1978 0.22 0.24 56 1989 2.18 2.21
49 1978 0.67 0.71 57 1991 8.3 9.6
50 1979 1.61 1.62 58 2001 1.22 1.28
51 1981 2.01 2.03 59 2002 1.61 1.87
52 1983 1.59 1.95 60 2004 1.6 2.1
53 1985 0.45 0.79 61 2006 1.41 1.58
54 1985 0.83 0.85 62 2008 - -
6.2.2 Repose intervals at Kilauea
The dataset of Kilauea eruptions from the period 1912-1983 is almost complete and 
most repose intervals can be calculated. However, due to the nature of the dataset 
some eruptions overlap in time and although for duration analyses these were treated 
as separate events based on location, the more general repose analyses of this chapter 
requires the overlapping eruptions to be disregarded. The most obvious example of 
this is the very long 1823 summit eruption (# 1 Table 3.2) which overlaps in time with 
three East Rift Zone (ERZ) and one South-West Rift Zone (SWRZ) eruption such that 
the first repose interval calculated at Kilauea follows the 1927 summit eruption (#6 
Table 3.2).
Some complexity also exists surrounding the two very long East Rift Zone (ERZ) 
eruptions (# 30 and # 33 Table 3.2) which overlap with short periods of summit activity 
that were again treated as separate eruptions for the purpose of duration analysis. These
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summit eruptions are disregarded here and repose intervals are calculated between 
eruptions # 30 and # 33 (true repose is between 15 October 1971 and 5 February 1972) 
and between eruptions # 33 and # 35 (true repose is between 22 July 1974 and 19 
September 1974).
Table 6.2: Repose intervals following eruptions at Kilauea for the period 1927-1983
# Year
Interval (years)
# Year
Interval (years)
Repose Recurrence Repose Recurrence
6 1927 1.59 1.63 24 1965 0.78 0.81
7 1929 0.42 0.42 25 1965 1.86 1.87
8 1929 1.31 1.32 26 1967 0.11 0.80
9 1930 1.04 1.09 27 1968 0.12 0.13
10 1931 2.67 2.71 28 1968 0.34 0.38
11 1934 17.73 17.82 29 1969 0.23 0.25
12 1952 1.55 1.93 30 1969 0.30 2.70
13 1954 0.74 0.75 31 1971 - -
14 1955 0.05 0.15 32 1971 - -
15 1955 4.47 4.56 33 1972 0.16 2.63
16 1959 0.07 0.17 34 1974 - -
17 1960 1.02 1.12 35 1974 0.27 0.28
18 1961 0.29 0.37 36 1974 0.91 0.91
19 1961 0.18 0.20 37 1975 1.79 1.79
20 1961 1.20 1.21 38 1977 2.13 2.18
21 1962 0.70 0.70 39 1979 2.45 2.45
22 1963 0.12 0.12 40 1982 0.40 0.41
23 1963 1.41 1.42 41 1982 - -
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Table 6.2 contains 32 repose intervals calculated for Kilauea alongside the number and 
start year of the eruption immediately preceding that repose interval. These range from 
from 45 days (0.12 years) to 17.82 years with an average of 1.73 years.
6.2.3 Repose intervals at Piton de la Foumaise (PdlF)
The dataset of PdlF eruptions enables 109 repose intervals to be calculated for the 
period 1911-2011. These are reported in Table 6.3 alongside the number and start year 
of the eruption immediately preceding that repose interval. Repose intervals at PdlF 
range from 12 days (0.03 years) to 6.07 years with an average repose of 212 days (0.58 
years).
Table 6.3: Repose intervals following eruptions at PdlF for the period 1911-2011
# Year
Interval (years)
# Year
Interval (years)
Repose Recurrence Repose Recurrence
48 1913 - - 59 1927 0.04 0.07
49 1915 0.08 0.08 60 1927 - -
50 1915 0.05 0.09 61 1929 0.39 0.41
51 1915 1.44 1.47 62 1930 - -
52 1917 3.17 3.17 63 1931 0.08 0.33
53 1920 0.27 0.28 64 1931 - -
54 1920 - - 65 1931 - -
55 1924 1.3 1.32 66 1933 - -
56 1925 - - 67 1933 0.03 0.03
57 1926 0.13 0.13 68 1933 0.23 0.24
58 1926 0.18 0.18 69 1934 0.1 0.15
Continued on next page...
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Table 6.3 -  Continued
# Year
Interval (years)
Repose Recurrence
70 1934 - -
71 1937 0.15 0.23
72 1937 0.66 0.72
73 1938 0.36 0.37
74 1938 - -
75 1942 0.44 0.5
76 1943 0.96 1.02
77 1944 0.96 1.01
78 1945 1.12 1.18
79 1946 - -
80 1948 - -
81 1950 0.41 0.51
82 1950 - -
83 1951 0.66 0.69
84 1952 0.65 0.82
85 1953 0.17 0.26
86 1953 - -
87 1954 - -
88 1956 0.61 0.71
89 1956 0.1 0.1
90 1956 0.47 0.67
# Year
Interval (years)
Repose Recurrence
91 1957 0.12 0.13
92 1957 0.53 0.61
93 1958 0.18 0.19
94 1958 0.47 0.59
95 1959 0.29 0.4
96 1959 0.43 0.44
97 1960 0.07 0.08
98 1960 1.07 1.16
99 1961 2.54 2.59
100 1963 0.44 0.48
101 1964 0.62 0.64
102 1964 1.08 1.23
103 1966 6.07 6.24
104 1972 0.12 0.13
105 1972 0.06 0.12
106 1972 0.03 0.08
107 1972 0.08 0.25
108 1973 0.31 0.33
109 1973 0.27 0.32
110 1973 2.16 2.17
111 1975 0.08 0.12
Continued on next page...
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Table 6.3 -  Continued
# Year
Interval (years)
Repose Recurrence
112 1975 0.58 0.88
113 1976 0.39 0.39
114 1977 0.03 0.03
115 1977 0.52 0.55
116 1977 1.53 1.59
117 1979 0.12 0.13
118 1979 1.56 1.56
119 1981 2.58 2.83
120 1983 1.32 1.53
121 1985 0.14 0.14
122 1985 0.15 0.33
123 1985 0.07 0.07
124 1985 0.11 0.22
125 1986 0.27 0.32
126 1986 0.33 0.33
127 1986 0.04 0.04
128 1986 0.02 0.03
129 1986 0.42 0.51
130 1987 0.05 0.11
131 1987 0.3 0.3
132 1987 0.06 0.07
# Year
Interval (years)
Repose Recurrence
133 1987 0.1 0.19
134 1988 0.13 0.28
135 1988 0.08 0.29
136 1988 0.25 0.29
137 1988 1.05 1.1
138 1990 0.24 0.25
139 1990 1.2 1.25
140 1991 1.11 1.11
141 1992 5.46 5.53
142 1998 0.82 1.36
143 1999 0.16 0.19
144 1999 0.31 0.38
145 2000 0.31 0.36
146 2000 0.2 0.3
147 2000 0.37 0.45
148 2001 0.19 0.21
149 2001 0.5 0.57
150 2002 0.83 0.86
151 2002 0.49 0.53
152 2003 0.13 0.23
153 2003 0.09 0.11
Continued on next page...
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Table 6.3 -  Continued
# Year
Interval (years)
# Year
Interval (years)
Repose Recurrence Repose Recurrence
154 2003 0.18 0.19 164 2006 0.13 0.47
155 2003 0.04 0.09 165 2007 0.11 0.11
156 2004 0.31 0.32 166 2007 1.39 1.48
157 2004 0.24 0.28 167 2008 0.15 0.18
158 2004 0.34 0.52 168 2008 0.04 0.05
159 2005 0.6 0.63 169 2008 0.75 0.89
160 2005 0.12 0.15 170 2009 0.75 0.94
161 2005 0.07 0.07 171 2010 0.11 0.15
162 2005 0.5 0.56 172 2010 - -
163 2006 0.04 0.11
6.2.4 Repose intervals at Hekla, Iceland
The historic eruption record for Hekla is considerably better than that of other Ice­
landic volcanic systems and repose intervals between mixed eruptions for the period 
1300-2000 have been investigated in this study. Volcanic activity at Hekla is not re­
stricted to mixed eruptions. Basaltic eruptions from fissures outside the central volcano 
are reported in the years 1440, 1554, 1725, 1878 and 1913 and therefore these erup­
tions occur during the repose intervals that have been calculated for mixed eruptions. 
To ensure that any conclusions drawn from the repose analyses of this study are not 
a function of these eruptions not being accounted for, repose intervals have been cal­
culated between both mixed eruptions only and all eruptions at Hekla irrespective of 
their type (columns Repose (d4) and Repose (All) in Table 6.4 respectively).
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Table 6.4: Repose intervals following eruptions at Hekla, Iceland for the period 1300-2000
# Year
Interval (years)
d-type Repose (All) Repose (d4) Recurrence (d4)
1 1300 <^4 - - -
2 1554 42.58 - -
3 1597 d4 38.84 38.84 39.37
4 1636 d4 55.79 55.79 56.81
6 1693 - 72.47 73.19
10 1766 fi?4 77.39 77.39 79.46
14 1845 d^ 31.92 101.05 101.64
22 1878 d$ 35.05 - -
24 1913 de 33.88 - -
27 1947 d/± 22.05 22.05 23.12
33 1970 d/± 10.13 10.13 10.29
40 1980 d<4 0.64 0.64 0.64
43 1981 d4 9.76 9.76 9.78
47 1991 fi?4 8.97 8.97 9.12
50 2000 d4 - - -
Repose intervals between mixed eruptions at Hekla range from 234 days (0.64 years) 
to 101.05 years with an average of 39.71 years. When all reported eruptions are taken 
into account the maximum repose is reduced to 77.39 years and the average to 30.58 
years.
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6.3 A comparison of true and inferred repose
Fig. 6.2 plots repose interval against recurrence interval for the data from Mt. Etna, 
Kilauea, PdlF and Hekla. The dashed line in each plot represents the impossible sce­
nario where repose interval is equal to recurrence interval (i.e. the eruption had no 
duration). Deviations from this line in an upwards and left direction represent the pro­
portion of recurrence interval accounted for by eruption duration, and therefore provide 
an assessment of recurrence interval as a proxy for repose interval.
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Fig. 6.2 Plots assessing the use of recurrence interval as a proxy for repose interval at
(a) Mt. Etna, (b) Kilauea, (c) PdlF and (d) Hekla
Mt. Etna and Kilauea show similar patterns with most of the data plotting close to the
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dashed line and 5 instances in each case where recurrence interval and repose interval 
differ more severely (Fig. 6.2a and b). In these cases eruption duration accounts for > 
40 % of recurrence interval. These are most extreme for Kilauea (Fig. 6.2b). A com­
parison of the repose intervals for Kilauea calculated here and the recurrence intervals 
used in Klein (1982), indicate that 3 of these differ considerably (reposes following 
eruptions # 14, # 30 and # 33 Table 3.2). This is largely in response to how eruption 
durations are defined and the inclusion of intrusive events following the May 1969 and 
February 1972 eruptions in the calculations made by Klein (1982).
Data for PdlF shows a greater divergence from the dashed line, while the Hekla data 
plots close to it (Fig. 6.2c and d respectively). This is a function of the highly active 
nature of PdlF generating more frequent eruptions and thus shorter repose intervals 
whereas repose intervals at Hekla are generally much longer. These analyses suggest 
that using recurrence interval as a proxy for repose interval where eruption end dates 
are less readily available is often acceptable. However, care should be taken with 
volcanic systems known to erupt frequently (e.g. PdlF) where recurrence intervals 
may be considerably longer than the repose intervals they represent and therefore could 
sufficiently alter any analyses performed. This is of particular importance if the data is 
being used to forecast future eruption onsets.
6.4 Temporal variation in repose intervals
Temporal variation in repose interval may indicate fundamental changes in the physi­
cal properties of the volcanic system. For forecasting purposes, being aware of these 
temporal variations is important for restricting the data and ensuring that it best rep­
resents repose intervals derived from the current state of the volcanic system. This 
section investigates temporal variation in the repose data from Mt. Etna, Kilauea, PdlF 
and Hekla.
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6.4.1 Temporal variation in repose intervals at Mt. Etna
Previous studies of historic eruptions at Mt. Etna have identified a general increase 
in flank eruption frequency with time and a more sudden increase following 1971 
(Behncke and Neri, 2003; Behncke et al., 2005; Andronico and Lodato, 2005; Branca 
and Del Carlo, 2005; Smethurst et al., 2009; Cappello et al., 2013). Repose data at 
Mt. Etna clearly reflect this, with median repose intervals decreasing from 6.22 years 
(1600-1970) to 1.36 years (1971-2010) across the 1971 boundary (Fig. 6.3a). Pre­
vious investigations have suggested that the plumbing system beneath Mt. Etna was 
fundamentally different during the early 17th Century (Hughes et al., 1990; Behncke 
and Neri, 2003) and the analyses of Chapter 4 found significant difference in the du­
ration of eruptions before and after 1670. For this reason the distribution of repose 
intervals during the period 1600-1669, 1670-1971 and 1972-2010 are compared here 
(Fig. 6.3).
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Fig. 6.3 (a) Plot of repose interval with time at Mt. Etna where dashed vertical lines 
represent the years 1670 and 1971. (b) Empirical survivor function curves for repose 
intervals during the periods 1600-1669 (n = 5), 1670-1971 (n = 31) and 1972-2010 
(n=19) (data from Table 6.1)
While the data from 1600-1669 and 1670-1971 plot with similar shapes and positions, 
the dominantly shorter repose intervals of the period 1972-2010 cause its curve to be
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completely offset (Fig. 6.3b). Significance tests verify this observation with data from 
the most recent period being significantly different from the 1600-1669 and 1670-2010 
data at the 0.05 level (Table 6.5). This implies that Mt. Etna entered a new regime of 
volcanic activity following 1971 and that repose data restricted to the period 1972-2010 
may provide a better representation of activity in the future.
Table 6.5: Significance test results comparing the distribution of flank eruption repose from 
Mt. Etna for the periods 1600-1669, 1670-1971 and 1972-2010.
Data Logrank Mann-Whitney t - test
A (n=5) ® (n=31) p = 0.366 p = 0.637 p = 0.729
A (n=5) G (n=19) p = 0.004 * p = 0.002 ★ p = 0.000 *
B (n=31) C (n=19) p = 0.000 * p = 0.000 * p = 0.000 *
A = 1600-1669, B = 1670-1971, C = 1972-2010.
* = significant at a 0.05 level, • = moderate significance (p-value = 0.05-0.1). 
f-test applied to the logs of the data.
6.4.2 Temporal variation in repose at Kilauea
Klein (1982) recognised three periods of repose at Kilauea: 1918-1924, 1924-1959 
and 1969-1979 characterised by mean reposes of 1.04, 3.23 and 0.72 years respec­
tively. The repose interval data used here does not contain information prior to 1927 
and therefore the period 1918-1924 cannot be investigated, however, a plot of repose 
interval against preceding eruption start year shows a general decrease in repose with 
time reflecting the previously observed reduction in repose interval following 1959 
(Fig. 6.4a).
Median reposes for these two datasets are 1.31 years and 135 days (0.37 years) for the 
periods 1927-1959 and 1960-1983 respectively and their empirical survivor function 
curves are offset for reposes longer than ~  3 months (Fig. 6.4b). Despite this, only 
moderately significant differences are found between the distributions of repose in the 
two time periods (Table 6.6). This may imply that repose intervals are changing with 
time, and that as more data becomes available these moderately significant differences
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Fig. 6.4 (a) Plot of repose interval with time at Kilauea where dashed vertical lines 
represent the years 1959 and 1924. (b) Empirical survivor function curves for repose 
intervals during the periods 1927-1959 (n = 11) and 1960-1983 (n=22) (data from 
Table 6.2)
may become significant. Forecasts of repose interval at Kilauea have therefore been 
performed on both the 1927-1983 and a smaller subset restricted to more recent data 
(1960-1983) in section 6.5.
Table 6.6: Significance test results comparing the distribution of repose intervals from 
Kilauea for the periods 1927-1959 and 1960-1983.
Data Logrank Mann-Whitney t-test
A  (71=11) B  (71=22) p = 0.051 •  p = 0.136 p = 0.207
A = 1927-1959, B =  1960-1983.
★ = significant at a 0.05 level, •  = moderate significance (p-value = 0.05-0.1). 
t-test applied to the logs of the data.
6.4.3 Temporal variation in repose at Piton de la Fournaise (PdlF)
The repose data from PdlF shows little systematic variation with time (Fig. 6.5a) and 
therefore the same time periods that were investigated for eruption durations (Chapter 
4) have been used here (1911-1966, 1972-1992, 1998-2011). The median repose of 
these datasets are 0.43, 0.25 and 0.22 years respectively and the similarity between 
them causes the central portion of their empirical survivor function curves to plot close
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together while greater variation exists in their long duration tails (Fig. 6.5b).
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Fig. 6.5 (a) Plot of repose interval with time at PdlF where dashed vertical lines rep­
resent the years 1972 and 1998. (b) Empirical survivor function curves for repose 
intervals during the periods 1911-1966 (n = 41) 1972-1992 (n = 38) and 1998-2011 
(n=30) and (c) for the periods 1911-1998 (n = 80) and 1999-2011 (n = 29) (data from 
Table 6.3)
Peltier et al. (2009) suggested that the plumbing system beneath PdlF may have changed 
following 1998 and therefore repose intervals for the periods 1911-1998 and 1999- 
2011 have also been investigated. Their empirical survivor function curves are dis­
played in Fig. 6.5c and show a clear divergence for repose intervals greater than ~  0.8 
years ( 9.5 months).
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Table 6.7: Significance test results comparing the distribution repose intervals from PdlF for 
the periods 1911-1966, 1972-1992 and 1998-2011 and also comparing the periods 1911-1998 
and 1999-2011.
Data Logrank Mann-Whitney f-test
A  ( n = 4 1 ) B ( n = 3 8 ) p = 0.401 p = 0.137 p = 0.175
A  ( n = 4 1 ) C  ( n = 3 0 ) p = 0.041 * p = 0.129 p = 0.089 •
B ( n = 3 8 ) ( n = 3 0 ) p = 0.332 p = 0.839 p = 0.887
o'OOII£
a
E  ( n = 2 9 ) p = 0.059 • p = 0.315 p = 0.182
A = 1911-1966, B = 1972-1992, C = 1998-2011, D = 1911-1998, E = 1999-2011. 
* = significant at a 0.05 level, • = moderate significance (p-value = 0.05-0.1). 
i-test applied to the logs of the data.
Significance tests performed on the distribution of repose within these datasets indicate 
that differences are largely not significant at the 0.05 level (Table 6.7). Significant and 
moderately significant differences are found between the 1911-1966 and 1998-2010 
data and moderately significant differences are also found between the 1911-1998 and 
1999-2011 data. This may imply that repose is changing with time and that as more 
data becomes available the moderate differences between older and more recent data 
may become significant. For these reasons forecasts of future repose intervals are 
performed using both the entire dataset (1911-2011) and a subset restricted to 1999- 
2011 in section 6.5.
6.4.4 Temporal variation in repose at Hekla, Iceland
An increase in eruption frequency at Hekla following 1947 was recognised by Thor- 
darson and Larsen (2007) and Fig. 6.6a demonstrates this feature of the data as a 
reduction in mixed eruption repose intervals following 1947. During the period 1300- 
1947 basaltic eruptions are also reported at Hekla. It is possible that the longer repose 
intervals of this period are due to these basaltic eruption not being accounted for. How­
ever, Fig. 6.6b plots the repose interval between all eruptions from Hekla (mixed and 
basaltic) against preceding eruption start year and although the median repose for the 
period 1300-1947 is reduced from 64 years to 38 years the pattern of increased eruption
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frequency following 1947 can still be observed.
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Fig. 6.6 (a) Repose interval between mixed eruptions and (b) between all eruptions 
from Hekla plotted against preceding eruption start year where the dashed vertical line 
represents the year 1947. (c) Empirical survivor function curves for repose intervals 
between mixed eruptions during the periods 1300-1947 (n = 6) 1948-2000 (n = 4)and 
and repose intervals between all eruptions types during the 1300-1947 (n = 8) (data 
from Table 6.4)
Empirical survivor function curves for repose intervals between mixed eruptions and 
all eruptions in the periods 1300-1947 have similar shapes and positions (Fig. 6.6c). 
Significance tests comparing both of these curves with the 1948-2000 data indicate that 
their distributions are significantly different at the 0.05 level (Table 6.8). This implies 
that the observed reduction in repose following 1947 is not a function of only the mixed 
eruptions being considered. For this reason forecasts of future repose following mixed
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eruptions at Hekla will be performed on the 1948-2000 mixed eruption data.
Table 6.8: Significance test results comparing the distribution of repose intervals from Hekla 
for the periods 1300-1947 and 1947-2000.
Data Logrank Mann-Whitney f-est
A (n = 6) C (n=4) p = 0.001 * p = 0.010 * p = 0.032 *
®  (n=8) C (n = 4) p = 0.000 * p = 0.004 * p = 0.051 •
A = 1300-1947: mixed repose, B = 1300-1947: all repose, C = 1948-2000: mixed
repose.
★ = significant at a 0.05 level, • = moderate significance (p-value = 0.05-0.1). 
t-test applied to the logs of the data.
6.5 Forecasting future repose intervals and the onset of 
future eruption
The following subsections use the datasets discussed above as the basis of the empirical 
probabilistic model (outlined in Chapter 2) in order to forecast the onset of future 
volcanic eruptions. For each dataset, parameter values for the best fit exponential, 
Weibull, log-logistic and Burr type XII distribution have been found by maximum 
likelihood estimation. Kolmogorov-Smimov (KS)  goodness-of-fit tests and likelihood 
ratio (LR)  tests are then performed to determine which theoretical distribution best 
describes the observed data (see section 2.3). Forecasts are then performed and their 
results compared.
6.5.1 Forecasting repose intervals between flank eruptions at Mt. 
Etna
The temporal analyses of section 6.4 identified that the distribution of repose intervals 
between flank eruptions at Mt. Etna within the periods 1670-1971 and 1972-2010 is 
significantly different at the 0.05 level. This suggests a fundamental change across
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the 1971 boundary and implies that forecasts should be performed on the more recent 
data which may provide a better representation of future activity. Forecasts of future 
repose intervals between flank eruptions at Mt. Etna have been made using both the 
1600-2010 and 1972-2010 datasets.
Identifying the best fit distribution to the repose data of Mt. Etna
Parameter values for the best fit exponential, Weibull, log-logistic and Burr type XII 
distribution of each dataset are reported in Table 6.9. Fig. 6.7 plots the survivor func­
tion curve of each fitted distribution alongside the empirical survivor function curve of 
the corresponding observed data.
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Fig. 6.7 Empirical survivor function curves and fitted theoretical distributions for re­
pose intervals between flank eruptions at Mt. Etna for the periods (a) 1600-2010 and 
(b) 1972-2010 (data from Table 6.1). Parameter values can be found in Table 6.9
K S  goodness-of-fit tests suggest that both datasets could have derived from any of 
the four distributions (Table 6.9) and visually the fitted distributions of each dataset 
plot with similar shapes and positions (Fig. 6.7). L R  tests indicate that in both cases 
there is little benefit in employing the Burr type XII distribution in preference to the
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log-logistic distribution.
Table 6.9: Parameter values, Kolmogorov-Smimov (KS)  test and likelihood ratio (LR) test 
results for theoretical distributions fitted to the repose interval data of Mt. Etna for (a) 
1600-2010 and (b) 1972-2010
(a) 1600-2010
Exponential Weibull Log-logistic Burr type XII
p  = 5.69 0 = 0.87 
\l = 5.28
0 = 1.36 
cr = 3.11
ck = 3.87 
0 = 1.05 
(7 = 14.82
D 0bs
P
r
0.095 
0.762 o 
3000
0.062 
0.899 o 
3000
0.083 
0.367 o 
3000
0.057 
0.918 o 
2962
L R  test statistic (log-logistic and Burr type XII): 3.284
(b) 1972-2010
Exponential Weibull Log-logistic Burr type XII
1.53 0 = 1.03 
\l -  1.55
0 =  1.67
(7= 1.02
a  = 3.51 
0 =  1.37 
a  = 2.45
D 0bs
P
r
0.137 
0.652 o 
3000
0.143 
0.380 o 
3000
0.151 
0.154 o 
3000
0.144 
0.211 o 
2876
L R  test statistic (log-logistic and Burr type XII): 1.200
In both tables:
o not significant at the 0.05 level (p-value > 0.05).
Dobs = KS  statistic, p  = estimated p-value and r = final bootstrap size.
Given the visually poorer fit of the log-logistic distribution to the long repose tail of the 
1600-2010 data (Fig. 6.7a) and the visually better fit of the Weibull distribution to the 
short repose tail of the 1972-2010 data (Fig. 6.7b) the best fit Weibull distribution of 
both datasets have been used to perform the following repose interval forecasts.
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Forecasting results for Mt. Etna
Table 6.10 contains the results of eight forecasts performed on the 1600-2010 data 
and seven forecast performed on the 1972-2010 data of repose intervals between flank 
eruptions at Mt. Etna. Survivor function forecasts based on the 1972-2010 data have 
markedly lower exceedance probabilities than those resulting from from the 1600-2010 
data (Table 6.10). The difference is sufficiently large that although the 1600-2010 data 
indicate a 4 % probability of a future repose period exceeding 20 years a forecast for 
this repose was not considered necessary for the 1972-2010 data which yield a very 
low probability of exceeding even 10 years (Table 6.10). It is worth noting that the 0 
% probabilities presented here are actually between 0 and 0.5 % but presented as 0 % 
due to rounding for presentation purposes. A similar trend exists in the residual life 
function results (Table 6.10).
Table 6.10: Survivor function (SF ), residual life function (Rufe) and quantile function (Q) 
forecasts for repose intervals between flank eruptions at Mt. Etna based on the (a) 1600-2010 
and (b) 1972-2010 data. For the residual life function t -  5 years
(a) 1600-2010 (Weibull) (b) 1972-2010 (Weibull)
C/I C/I
Input Result 95% 80% Input Result 95 % 80%
i y 79% ± 9 % ± 6 % i y 53% ±  18% ±  12%
SF 5 y 39% ±  11 % ± 7 % SF U\ 4% ± 6 % ± 4 %
10 y 17% ± 8 % ± 6 % 10 y 0% ± 0 % ± 0 %
20 y 4% ± 4 % ± 3 %
S 6 y 50% ± 2 6 % ±  17%
u 6 y 85% ± 4 % ± 3 % C? 10 y 3 % ± 9 % ± 6 %
10 y 45% ±  12 % ±  8 % _  0.34 
O*
0.67
0.66 y
o"sf©-H ±  0.26 y
3*
0.34
0.67
1.92 y 
5.94 y
±  0.86 y ±  0.56 y 
±  1.95 y ±  1.27 y
1-71 y ±  0.77 y ±  0.51 y
In both tables:
y = years, C/I = confidence interval
Considering that the 1972-2010 period represents the most recent eruptive activity at 
Mt. Etna it is probable that repose intervals during this period best reflect the state
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of the plumbing system beneath Mt. Etna today. Quantile functions performed on 
this data indicate that a future repose between flank eruptions at Mt. Etna is likely 
to exceed 0.66 years (241 days) (±  0.26 years) but unlikely to exceed 1.71 years (± 
0.51 years) (Table 6.10b), however, the last flank eruption at Mt. Etna ended in July 
2009 and thus almost 5 years of respose has passed to date (May 2014). A residual 
life function where t  = 5 years yields a 50 % (±  26 %) probability that the repose will 
continue until at least July 2015 (Table 6.10b). If the temporal variation in repose is not 
taken into account and the 1600-2010 data is used a repose of 5 years falls between the 
likely and unlikely quantile function results (Table 6.10a) and residual life functions 
where t  = 5 years give higher exceedance probabilities for the total repose intervals 
considered.
Wickman (1966) used an exponential distribution to forecast repose intervals at Mt. 
Etna and concluded an 86 % probability of repose intervals exceeding 1 year, a 46 
% probability of repose intervals exceeding 5 years and a 21 % probability of repose 
intervals exceeding 10 years. These results are very similar to those obtained here 
when the model is based on the 1600-2010 input data (Table 6.10a). The current study, 
however, presents confidence intervals for these forecast.
6.5.2 Forecasting repose between eruptions at Kilauea
A general trend of increased eruption frequency and therefore reduced repose interval 
with time at Kilauea was observed in section 6.4 and may reflect improved monitoring 
during the late 1950’s (Dzurisin et al., 1984). Moderately significant differences were 
found between the repose data of the periods 1927-1959 and 1960-1983 and forecasts 
have been performed based on the entire repose dataset (1927-1983) and a smaller 
subset of this for the period 1960-1983.
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Identifying the best fit distribution to the repose data of Kilauea
Parameter values for the best fit exponential, Weibull, log-logistic and Burr type XII 
distribution of each dataset are reported in Table 6.11. Fig. 6.8 plots the survivor func­
tion curve of each fitted distribution alongside the empirical survivor function curve of 
the corresponding observed data.
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Fig. 6.8 Empirical survivor function curves and fitted theoretical distributions for re­
pose intervals between eruptions at Kilauea for the periods (a) 1927-1983 and (b) 1960- 
1983 (data from Table 6.2). Parameter values can be found in Table 6.11
K S  goodness-of-fit tests for the 1927-1983 data indicate that the Weibull, log-logistic 
and Burr type XII distributions provide adequate fits to the data (Table. 6.1 la). While 
this is supported by the poor fit of the exponential distribution in Fig. 6.8a, the Weibull 
distribution also provides a poor visual fit to the observed data at durations < ~  4 years 
(Fig. 6.8a). In contrast the survivor function curves fitted to the 1960-1983 data all plot 
with similar shapes and positions (Fig. 6.8b) and K S  goodness-of-fit tests indicate that 
all four distributions provide adequate fit to the data.
In both cases L R  tests indicate that there is little benefit in employing the more corn-
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Table 6.11: Parameter values, Kolmogorov-Smimov (KS)  test and likelihood ratio (LR) test 
results for theoretical distributions fitted to the repose interval data of Kilauea for (a) 
1927-1983 and (b) 1960-1983
(a) 1927-1983
Exponential Weibull Log-logistic Burr type XII
p =  1.51 £ = 0.75 £=1.33 a  = 1.68
[i = 1.21 a = 0.64 £=1.21
a  = 0.94
Dobs 0.196 0.100 0.092 0.082
V 0.037 0.548 o 0.563 o 0.720 o
r 3000 2992 3000 2897
L R  test statistic (log-logistic and Burr type XII): 0.206
(b) 1960-1983
Exponential Weibull Log-logistic Burr type XII
/i = 0.80 £ = 1.10 
/x = 0.83
£=1.61  
a = 0.50
a  = 7798.99 
£ = 1.10 
<7 = 2580.85
D 0bs
P
r
0.132 
0.658 o 
3000
0.167 
0.115 o 
2999
0.128 
0.355 o 
2993
0.167 
0.076 o 
2874
L R  test statistic (log-logistic and Burr type XII): 0.999
In both tables:
o not significant at the 0.05 level (p-value > 0.05).
Dobs = KS  statistic, p  = estimated p- value and r = final bootstrap size.
plex Burr type XII distribution in preference to the log-logistic distribution and for 
these reasons the best fit log-logistic distributions are used to perform forecasts based 
on both sets of data.
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Forecasting results for Kilauea
Table 6.12 contains the results of nine forecasts performed on both the 1927-1983 and 
1960-1983 repose data of Kilauea. Despite the moderate differences in the distribu­
tion of repose intervals in the periods before and after 1959, point forecasting results 
obtained from both datasets are the same in all instances (Table 6.12a and b respec­
tively). Differences only occur in the confidence intervals calculated for each forecast 
but these are slight.
Table 6.12: Survivor function (SF), residual life function (Rufe) and quantile function (Q) 
forecasts for repose intervals between eruptions at Kilauea based on the (a) 1927-1983 and (b) 
1960-1983 data. For the residual life function t = 0.25 years
(a) 1927-1983 (log-logistic) (b) 1960-1983 (log-logistic)
C/I C/I
Input Result 95% 80% Input Result 95% 80%
0.25 y 75% ±  18% ±  12% 0.25 y 75% ±  16% ±  10%
S
F 0.55 y 50% ± 2 4 % ± 1 5 % 0.55 y 50% ±  19% ±  13%
10 y 25% ±  18% ±  12% 10 y 25% ±  16% ±  10%
5 y 2% ± 3 % ± 2 % 5 y 2% ± 3 % ± 2 %
<u 0.75 y 45% ±  16% ±  11 % 0.75 y 45% ±  16% ±  11 %
0? 1.75 y 16% ±  11 % ± 7 % o? 1.75 y 16% ± 1 3 % ± 8 %
3.25 y 6% ± 6 % ± 4 % 3.25 y 6% ± 7 % ± 5 %
0*
0.34
0.67
0.33 y 
0.78 y
±  0.20 y 
±  0.46 y
±  0.13 y 
±  0.30 y
Q*
0.34
0.67
0.33 y 
0.78 y
±  0.16 y ±  0.11 y 
±  0.39 y ±  0.26 y
In  both tables:
y = years, C/I = confidence interval
This suggests that there is little benefit in restricting the data based on observed differ­
ences that are not statistically significant and that it is acceptable to use all available 
repose data to perform forecasts for Kilauea. Quantile functions indicate that repose 
intervals at Kilauea are likely to exceed 120 days (±  48 days) but unlikely to exceed 
284 days (±  109 days) (0.33 years (±  0.13 years) and 0.78 years (±  0.30 years) respec­
tively in Table 6.12). The Kilauea data of this study does not include the Pu’u’O’o -
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Kupaianaha eruption which started in January 1983. This was ~  4 months (0.33 years) 
after the end of the final eruption considered in this study (#41, Table 3.2) and falls 
on the lower boundary of this forecast. This implies that the repose interval prior to 
the 1983 eruption was not deviation from typical and expected behaviour at Kilauea, 
despite the eruption itself having a duration considerably longer than expected (section 
5.2).
6.5.3 Forecasting repose between eruptions at PdlF
Moderately significant differences were found between the most recent repose data of 
PdlF (1999-2011) and the data prior to it (1911-1998) indicating potentially chang­
ing repose intervals with time (section 6.4). For this reason separate forecasts of 
repose intervals at PdlF have been made using both the 1911-2011 and 1999-2011 
datasets.
Identifying the best fit distribution to the repose data of PdlF
Parameter values for the best fit exponential, Weibull, log-logistic and Burr type XII 
distribution of each dataset are reported in Table 6.13. Fig. 6.9 plots the survivor 
function of each fitted distribution alongside the empirical survivor function curve of 
the corresponding observed data.
K S  goodness-of-fit tests for the 1911-2011 data yield p-values > 0.05 for the Weibull, 
log-logistic and Burr type XII distributions (Table 6.13a). These are still low but imply 
that these distributions provide a reasonable fit to the observed repose data. All four 
distributions of the 1999-2011 data have higher K S  tests p-values and therefore all 
adequately describe the data (Table 6.13b). In both cases the log-logistic and Bun- 
type XII distributions plot with similar shapes and positions (Fig. 6.9) and L R  tests
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Table 6.13: Parameter values, Kolmogorov-Smimov (KS)  test and likelihood ratio (LR) test 
results for theoretical distributions fitted to the repose interval data of PdlF for (a) 1911-2011 
and (b) 1999-2011
(a) 1911-2011
Exponential Weibull Log-logistic Burr type XII
p  = 0.58 £ = 0.82 (3 = 1.41 a  = 1.39
p = 0.51 a = 0.27 £ = 1.42
cr = 0.26
D 0bs 0.146 0.079 0.065 0.065
P 0.001 0.083 o 0.188 o 0.124 o
r 3000 3000 2995 2986
L R  test statistic (log-logistic and Burr type XII): 0.002
(b) 1999-2011
Exponential Weibull Log-logistic Burr type XII
11 = 0.33 £ = 1.17 
p  = 0.35
£ = 1.85
<j = 0.22
a = 2.89 
£=1.56  
a = 0.39
D 0bs
P
r
0.111 
0.680 o 
3000
0.104 
0.570 o 
2861
0.096 
0.573 o 
2999
0.084 
0.750 o 
2898
L R  test statistic (log-logistic and Burr type XII): 0.288
In both tables:
o not significant at the 0.05 level (p-value > 0.05).
Dobs = KS  statistic, p  = estimated p-value and r  = final bootstrap size.
indicating that there is little benefit in employing the Burr type XII distribution in 
preference to the log-logistic distribution (Table 6.13).
Visually the exponential and Weibull distributions of both datasets provide the poorest 
fit to the data (Fig. 6.9) and the best fit log-logistic distributions have therefore been 
used to perform the following forecasts of repose intervals at PdlF.
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Fig. 6.9 Empirical survivor function curves and fitted theoretical distributions for re­
pose intervals between eruptions at PdlF for the periods (a) 1911-2011 and (b) 1999- 
2011 (data from Table 6.3). Parameter values can be found in Table 6.13
Forecasting results for PdlF
Table 6.14 contains the results of nine forecasts performed on both the 1911-2011 and 
1999-2011 repose data of PdlF. The higher proportion of short reposes in the 1999- 
2011 dataset causes its survivor function results to have slightly lower exceedance 
probabilities than those based on the 1911-2011 data for the same x  values. This 
difference is sufficiently small that the two forecasts often fall within the repose range 
when confidence intervals are taken into account.
These results imply that it is not necessary to restrict the data to more recent years for 
forecasting purposes. Quantile functions performed on the 1911-2011 data indicate 
that a future repose interval at PdlF is likely to exceed 62 days ( ±11  days) but unlikely 
to exceed 164 days (±  26 days) (0.17 years (±  0.03 years) and 0.45 years (±  0.07 
years) respectively in Table 6.14a). Residual life functions have been performed to 
incorporate this data (t = 3) and results give a 67 % (±  3 %) probability of the repose
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Table 6.14: Survivor function (SF), residual life function (Rufe) and quantile function (Q) 
forecasts for repose intervals eruptions at PdlF based on the (a) 1911-2011 and (b) 1999-2011 
data. For the residual life function t = 3 years
(a) 1911-2011 (log-logistic) (b) 1999-2011 (log-logistic)
C/I C/I
Input Result 95 % 80 % Input Result 95% 80%
0.17 y 66% ± 8 % ± 5 % 0.17 y 62% ±  16% ±  10%
S
F 0.25 y 53% ± 8 % ± 5 % & 0.25 y 44% ±  16% ±  10%
0.5 y 30% ± 7 % ± 5 % 0.5 y 18% ±  12% ± 8 %
i y 14% ± 5 % ± 3 % i y 6% ± 6 % ± 4 %
2% ±  1 % ±  1 % 5 y 0% ±  1 % ± 0 %
<D3.5 y 81 % ± 3 % ± 2 % £ 3 . 5  y 75% ± 7 % ± 4 %
4 y 67% ± 4 % ± 3 % 0? 4 y 59% ±  10% ± 6 %
5 y 49% ± 6 % ± 4 % 5 y 39% ±  11 % ± 7 %
Q*
0.34
0.67
0.17 y 
0.45 y
± 0.04
±0.11
y ±  0.03 y 
y ±  0.07 y
0.34
O*
0.67
0.15 y 
0.32 y
±  0.06 y 
±  0.12 y
±  0.04 y 
±  0.08 y
In both tables:
y = years, C/I = confidence interval
continuing for at least another year (December 2014) (Table 6.14a).
6.5.4 Forecasting repose between mixed eruptions at Hekla, Ice­
land
Previous investigations have identified increased eruption frequency at Hekla with 
time. This is apparent in the mixed eruption data of this study as a reduction in re­
pose interval following 1947 (section 6.4). As such, forecasting models based on the 
data in the period 1948-2000 may be more appropriate than one containing data in the 
period 1300-2011. Forecasts are performed here on both the 1300-2000 and 1948-2000 
data.
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Identifying the best fit distribution to the mixed eruption repose data of Hekla
Parameter values for the best fit exponential, Weibull, log-logistic and Burr type XII 
distributions of each dataset are reported in Table 6.15. Fig. 6.10 plots the survivor 
function of each fitted distribution alongside the empirical survivor function curve of 
the corresponding observed data.
Table 6.15: Parameter values, Kolmogorov-Smimov (KS)  test and likelihood ratio (LR) test 
results for theoretical distributions fitted to the repose interval data of mixed eruptions from 
Hekla for (a) 1300-2000 and (b) 1948-2000
(a) 1911-2011
Exponential Weibull Log-logistic Burr type XII
// = 39.71 P = 0.98 
p = 39.43
0 = 1.26 
a = 27.79
a  = 2777.22 
p = 1.00
cr = 111181.01
D 0bs
P
r
0.175 
0.738 o 
3000
0.169 
0.595 o 
3000
0.155 
0.591 o 
3000
0.174 
0.417 o 
2855
L R  test statistic (log-logistic and Burr type XII): 2.581
(b) 1999-2011
Exponential Weibull Log-logistic Burr type XII
p = 131 P = 1.50 P = 1.56 a  = 12078.54
\l = 7.97 cr = 6.31 P = 1.50
o- = 3229.53
D 0bs 0.454 0.447 0.383 0.446
P 0.080 o 0.003 0.004 0.006
r 3000 2997 3000 3000
L R  test statistic (log-logistic and Burr type XII): 2.00
In both tables:
o not significant at the 0.05 level (p-value > 0.05).
Dobs = KS  statistic, p  = estimated p-value and r = final bootstrap size.
K S  goodness-of-fit tests for the 1300-2000 data indicate that all four tested distribu­
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tions provide an adequate fit to the data (Table 6.15). Visually the Exponential, Weibull 
and Burr type XII distributions plot with almost identical shapes and positions, how­
ever, the log-logistic distribution diverges from these curves at repose intervals > 80 
years suggesting a poorer fit to the data (Fig. 6.10a). Despite this a L R  test indicates 
that it is not beneficial to employ the Burr type XII distribution in preference to the 
log-logistic distribution (Table 6.15a). For these reasons the best fit Weibull distribu­
tion has been used to perform repose forecasts based on this dataset in the following 
section.
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Fig. 6.10 Empirical survivor function curves and fitted theoretical distributions for 
repose intervals between mixed eruptions at Hekla for the periods (a) 1300-2000 and
(b) 1948-2000 (data from Table 6.4). Parameter values can be found in Table 6.15
Fig. 6.10b highlights the difficulty in assessing the fit of a theoretical distribution when 
sample sizes are small, i.e the four data points of the 1948-2000 dataset of repose at 
Hekla. K S  goodness-of-fit tests reveal that only the exponential distribution gives a 
p -value of > 0.05 (Table 6.15b) and therefore this distribution has been used to provide 
forecasts on the data in the following section. Given the weakness of the distributions 
fit to the data and the very small sample size of the observed dataset the author suggests 
that this should be considered for comparative purposes only and not used as a sensible
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forecast of future repose at Hekla.
Forecasting results for Hekla
Table 6.16 contains the results of ten forecasts performed on the 1300-2000 data and 
eight forecasts performed on the 1948-2000 data of repose intervals between mixed 
eruptions from Hekla. Survivor function forecasts based on the 1300-2000 data yield 
higher exceedance probabilities than those based on the restricted dataset containing 
only the shorter repose intervals of the 1948-2000 time period (Tables 6.16a and b 
respectively).
Table 6.16: Survivor function (SF), residual life function (Rufe) and quantile function (Q) 
forecasts for repose intervals between mixed eruptions at Hekla, Iceland based on the (a) 
1300-2000 and (b) 1947-2000 data. For the residual life function t = 14 years
(a) 1300-2000 (Weibull) (b) 1948-2000 (Exponential)
C/I C/I
Input Result 95 % 80% Input Result 95 % 80%
i y 97% ± 6 % ± 4 % i y 87% ±  12% ± 8 %
gq 5y 88% ±  16% ±  11 % Co 2/ 51 % ±34% ±22%
10 y 77% ±22% ±  14% 10 y 26% ±34% ±22%
50 y 28% ±22% ±  15 % 50 y 0% ±  1 % ± 0 %
100 y 8% ±  14% ± 9 %
i l5, y
of 20 y
6% ± 3 % ± 2 %
<D•H 15 y 97% ± 2 % ± 1 % 3 % ±  8 % ± 5 %
ft? 20 y  
50 y
86% 
41 %
± 8 %
±24%
± 5 %  
±  15 %
0.34
O*
0.67
3.1 y
8.2 y
±  3-0 y
±8 .0  y
±2 .0  y  
±  5.2 y
O*
0.34
0.67
16.1 y 
43.8 y
±  14.7 y  ±9 .6  y  
±  28.4 y ±  18.5 y
In  both tables:
y = years, C/I = confidence interval
The data from the period 1948-2000 should better reflect the plumbing system beneath 
Hekla today and thus give a better indication of its future activity. The last mixed 
eruption from Hekla was in 2000 and thus 14 years of repose have passed to date.
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Quantile functions performed on this dataset indicate that a future repose is likely to 
exceed 3.1 years but unlikely to exceed 8.2 years and a residual life function where t 
= 14 years suggest only a 6 % and 3 % probability of exceeding 1 and 6 more years 
respectively (Table 6.16b). These same forecasts performed on the 1300-2000 dataset 
are more reasonable, indicating that future repose intervals are likely to exceed 16.1 
years and unlikely to exceed 43.8 years (Table 6.16a). Although this may indicate that 
eruptive behaviour at Hekla is changing and returning to a regime similar to that prior 
to 1948, this cannot be concluded definitively due to the forecasts derived from the 
1948-2000 data being based on a poorly fitting exponential distribution constrained by 
very few data points.
6.6 Conclusions
This chapter applied the empirical probabilistic model outlined in Chapter 2 to re­
pose interval data at Mt. Etna, Kilauea, PdlF and Hekla. Previous investigations have 
focussed on repose intervals more frequently than eruption durations and they have 
formed the basis of survival analysis style probabilistic models in the past. This has 
enabled more comparisons of our work with the existing literature and also a chance 
to highlight the key differences between the model developed here and those used by 
previous authors.
Firstly, recurrence intervals are often used as a proxy for repose due to insufficient 
information regarding eruption ends (Fig. 6.1) (Klein, 1982; Mulargia et al., 1985; 
Stieltjes and Moutou, 1989; De la Cruz-Reyna, 1991; Bebbington and Lai, 1996; Pas- 
sarelli et al., 2010). Here we are able to demonstrate while recurrence interval is often 
a good estimate of repose interval, biases become important when used at volcanic 
systems which erupt frequently (e.g. PdlF, section 6.3). Despite the slightly different 
repose data used in this study compared to these other studies, the results obtained are
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similar, even when the forecasts performed for Mt. Etna here are compared to those 
made when Wickman (1966) first suggested the potential use of repose interval data to 
forecast future eruption onsets (subsection 6.5.1).
Despite these similarities, the forecasting results themselves are less promising than 
one would hope. By still using 66 % and 33 % probabilities to correspond to likely 
and unlikely events respectively, the on-going repose intervals at the volcanic systems 
investigated often do not fall within these expected values (for example results from 
Mt. Etna and PdlF, Tables 6.10 and 6.14 respectively). To some extent this may suggest 
that the arbitrary probabilities assigned to these qualitative terms are unrealistic and 
perhaps need modifying to better suit the data. However, it is also possible that the 
physical properties controlling repose are more complicated than represented by this 
model and perhaps a better dataset of repose which also considers intrusive events and 
any relationships between adjacent volcanic systems or other types of volcanism may 
improve these results.
Unlike the models of previous investigations (Connor et al., 2003, 2006; Dzierma and 
Wehrmann, 2010), a residual life function forecast is included here and when per­
formed with t equal to the time currently passed since the last eruption, results become 
more promising. While survivor function forecasts gave results indicating that a repose 
interval of the current length is unlikely, residual life function results suggest that once 
a repose interval of the current length has been reached the probability of it continuing 
further is high enough to be reasonable.
Furthermore, the analyses presented here are volcano specific and the repose datasets 
themselves subjected to temporal analyses prior to their use in the empirical probabilis­
tic model, allowing the input data to be sensibly split such that it best represents future 
activity. With the exception of Mt. Etna, temporal variations identified in the repose 
data corresponded with changes observed in the eruption duration data in Chapter 4. 
This may indicate that some relationship exists between the physical parameters con­
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trolling eruption duration and those controlling repose interval. However, the repose 
data for PdlF may suggest otherwise, as although both its repose and eruption duration 
data show marginal temporal variations, the bimodal nature of the eruption duration 
data (section 4.2.3) is not reflected in its repose intervals. This possible link between 
eruption durations and repose intervals will be returned to in Chapter 7.
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Chapter 7 
Conclusions: possible controls on 
eruption duration and further work
Iceland, 2012
Whilst empirical probabilistic forecasts provide useful information about the likely 
duration of future eruptions when other information is unknown or unavailable, they 
could be improved with increased understanding of the processes physically control­
ling an eruption’s duration (Decker, 1986). The current chapter considers some of 
these potential factors. It notes correlations between varying distributions of eruption 
durations and the physical properties of the volcanic systems to which they pertain. 
Although this enables some hypotheses to be made regarding which parameters are 
important in controlling eruption duration at the volcanic systems investigated it is 
not a complete study, and additional work is required before conclusive results can be 
made.
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The second half of the current chapter outlines the conclusions of this PhD and dis­
cusses the additional work required to make definitive conclusions on the leading con­
trols on eruption duration as well as possible refinement of the empirical forecasting 
model and its application to other types of duration data within the field of volcanic 
hazards.
7.1 A brief summary of the duration regimes identified 
in this thesis
Chapter 4 analysed the duration data of Mt. Etna (flank eruptions), Kilauea, Piton 
de la Foumaise (PdlF) and Iceland with the aim of identifying temporal and spatial 
variations in their distributions. Spatial variations were found to be slight, however, 
variations in the distribution of eruption duration with time were often found to be 
significant. These subsets are therefore described by different duration regimes re­
sulting from differences in the physical properties of the volcanic system at the time. 
This chapter considers each duration regime and its corresponding physical properties 
separately in order to assess the possible leading controls on eruption duration.
For Mt. Etna two duration regimes are identified: 1600-1669 and 1670-2010. For 
Kilauea evidence of a reporting bias affecting data prior to 1959 has been found leading 
to its exclusion here and only one duration regime is considered here (for the period 
1960-1983). Although significant differences were not found in the duration data of 
PdlF, the period 1972-1992 has a strongly bimodal distribution which is less evident in 
the period 1998-2011. These two periods are considered as different duration regimes 
here and are investigated independently.
Data from Iceland are largely restricted to mixed eruptions from Hekla due to their 
good documentation and near complete record. Data for the total duration of these
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eruptions (d4) are separated into two subgroups (1300-1947 and 1948-2000), however 
it is not considered necessary to split the data for the initial explosive phase (with 
duration d3a) in the same way.
7.2 The relationship between repose interval and erup­
tion duration
Chapter 6 investigated the period of inactivity (repose interval) between eruptions from 
Mt. Etna (flank eruptions), Kilauea, PdlF and Hekla (mixed eruptions) and found that 
the time periods described by different duration regimes (identified in Chapter 4) often 
also have different distributions of repose intervals. This suggests that a relationship 
may exist between eruption duration and repose interval at the volcanoes studied.
7.2.1 Repose interval as a control on eruption duration
Fig. 7.1 plots eruption duration against preceding repose interval to investigate whether 
a relationship exists between the duration of a period of inactivity and the duration of 
the eruption immediately succeeding it. Linear regressions performed on the logs of 
the data indicate little to no relationship between these parameters (Fig. 7.1). This is 
reflected in the very small values of the ‘coefficient of determination’ presented here as 
a squared correlation coefficient (R 2). These results imply that in general, the period 
of repose prior to an eruption has little effect on the duration of the following eruption. 
In terms of a potential forecasting tool, this suggests that the duration of a period of 
repose is a poor predictor of future eruption duration.
The temporal subsets of Mt. Etna and PdlF investigated also do not show evidence of 
clustering implying that changes in repose interval, and thus eruption frequency, are
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Fig. 7.1 Plots assessing the effect of repose interval on succeeding eruption duration at
(a) Mt. Etna (flank eruptions), (b) Kilauea, (c) PdlF and (d) Hekla (flank eruptions) for 
the stated time periods, (d) d^a represents the duration on the initial eruptive phase and 
d4 the total eruption duration. R 2 values correspond to linear regressions performed 
on the logs of the data
not responsible for the observed variations in eruption duration (Fig. 7.1a and c). In 
contrast, Fig. 7.Id shows how d4 data of Hekla in the periods 1300-1947 and 1948- 
2000 segregate into two clusters. Furthermore, this data shows the strongest correlation 
between repose and succeeding eruption duration (R 2 = 0.201), although it is worth 
noting that this is based on few data values. This implies that repose interval at Hekla 
may provide some information about the duration of a following eruption, such that 
if a repose interval were to exceed ~  10, 000 days (27.4 years) we might expect the
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following eruption to have a long duration in excess of 150 days, alternatively repose 
intervals of < 27.4 years may imply a following eruption duration of between 2 and 
150 days. (Fig. 7.Id).
7.2.2 Eruption duration as a control on repose interval
The other possibility for different eruption duration regimes correlating with changes 
in repose interval is that the duration of an eruption influences the duration of the pe­
riod of inactivity immediately following it. Such a possibility has been alluded to in 
the past. Stieltjes and Moutou (1989) performed analyses on repose intervals at PdlF 
and identified a relationship between eruption duration and succeeding repose interval 
where, with the exception of very short eruptions, most short periods of repose (< 2 
months) followed eruptions lasting < 1 month. Furthermore, Klein (1982) suggested 
that longer periods of repose tended to follow eruptions with high erupted volumes at 
Kilauea and concluded that it is unrealistic to expect two voluminous eruptions to occur 
in close succession. Although this is not directly related to eruption duration, a correla­
tion between eruption duration and erupted volume, whereby larger volume eruptions 
generally have longer durations has been proposed in the past (Mulargia et al., 1985; 
Stieltjes and Moutou, 1989). If this relationship is correct it could imply that longer 
periods of repose could be expected to follow longer duration eruptions.
To assess this relationship Fig. 7.2 plots eruption duration against succeeding repose 
interval for the volcanic systems studied. Interestingly, despite the claims of Stieltjes 
and Moutou (1989) and Klein (1982) our data gives only a weak correlation between 
eruption duration and following repose interval in most instances (Fig. 7.2). For Ki­
lauea there is generally a weak negative correlation, although this weak trend is mainly 
due to to the three very long duration eruptions having been followed by relatively 
short repose intervals (#27, #31 and #34, Table 3.2). Conversely a relatively strong
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Fig. 7.2 Plots assessing the effect of eruption duration on succeeding repose interval at
(a) Mt. Etna (flank eruptions), (b) Kilauea, (c) PdlF and (d) Hekla (mixed eruptions) for 
the stated time periods, (d) c?3a represents the duration on the initial eruptive phase and 
d4 the total eruption duration. R 2 values correspond to linear regressions performed 
on the logs of the data
positive correlation is found for the Mt. Etna subset 1600-1669 and for the d4 data 
of Hekla with R 2 values of 0.789 and 0.556 respectively, however, in both cases the 
sample size is small.
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7.3 Eruption duration as a function of erupted volume 
and average eruption rate
In its simplest form the final duration of an eruption can be considered a function of the 
volume of material available and the average rate at which it is erupted (Eq.7.1).
_ Volume _Duration = —----------- ——  (7.1)
Eruption Rate
The following section considers the role of volume and average eruption rate in con­
trolling the final duration of eruptions at the volcanic systems investigated in this study. 
Throughout this chapter, the term eruption rate refers to the mean output rate as de­
fined by Harris et al. (2007) i.e. it represents the average eruption rate over the entire 
eruption duration and is calculated by dividing the total erupted volume by the final 
eruption duration.
7.3.1 Volume data for Mt. Etna, Kilauea, PdlF and Hekla
Eruptions from Mt Etna (flank), Kilauea and PdlF are generally effusive and are dom­
inated by basaltic lava flows. For the purpose of this investigation tephra production 
during these eruptions is considered negligible and erupted volume equates to the total 
volume of lava erupted. For each volcanic system.
Many methods for measuring and calculating lava flow volumes exist within the litera­
ture. In many cases these methods use an average thickness for the lava flow, which is 
then multiplied by the surface area of the flow field, however other methods base they 
calculations on a series of effusion rate estimations over the duration of the eruption 
(Murray and Stevens, 2000). It is clear that these methods suffer from huge uncertain­
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ties and inaccuracies, especially when eruptions further back in the historical record 
are concerned. Murray and Stevens (2000) present a new method for calculating lava 
flow volumes at Mt. Etna. While this method of lava volume calculation results yields 
very accurate results, it has only been successful on 25 lava flows from Mt. Etna, and 
has not been applied to the other volcanoes investigated in this study. Furthermore, 
this study requires detailed information about which eruption each volume relates to, 
ensuring that the eruption duration and eruption volumes correspond well.
Despite the aforementioned inaccuracies in lava volume calculations, this study uses 
previously published erupted volumes for the historic eruptions of Mt. Etna, Kilauea 
and PdlF that are investigated in this study. For this reason the results found here are 
based on the available data and would benefit from a more thorough assessment of 
individual erupted volumes before any definitive conclusions are drawn. However, this 
investigation still provides valuable insight into the importance of volume in control­
ling eruption durations.
To try and maintain a degree of internal consistency a single source is used to obtain 
the volume for each volcanic system. The sources themselves are discussed, along 
with any volcano specific considerations that were made, in the appropriate sections of 
Chapter 3 and the volume data for Mt. Etna, Kilauea and PdlF are presented in Tables 
3.1, 3.2 and 3.3 respectively. It is worth noting that the Hawaii volume data following 
1970 has the most consistently accurate flow volume data. Unfortunately the range 
of historic eruptions with reported volumes depends on the range investigated by the 
chosen source and for Mt. Etna, Kilauea and PdlF volume data stops with eruptions 
in 2004, 1979 and 2007 respectively. Average eruption rates are calculated from these 
volumes and therefore this data also stop with eruptions in these years.
The eruptions from Hekla considered here are typified by an initial explosive phase 
which transitions into an effusive phase with time. As such, the tephra content of 
these eruptions is higher than those of Mt. Etna, Kilauea and PdlF and the volume
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Fig. 7.3 Empirical survivor function plots of erupted volumes at (a) Mt. Etna (flank 
eruptions), (b) Kilauea, (c) PdlF and (d) Hekla (mixed eruptions, lava volume)
of both the tephra (dense rock equivalent, DRE) and lava are combined to give total 
erupted volumes for each of these eruptions (sourced from Thordarson and Larsen 
(2007) and presented in Table 4.2). Due to their eruptive style, the tephra deposits 
can be considered to have formed mostly during the eruption’s initial Plinian phase 
(with duration d3a), while the volume of lava largely relates to the following effusive 
phase (with duration d^)- Average eruption rates are also calculated using this same 
distinction providing data for both explosive and effusive phases.
Fig. 7.3 plots empirical survivor function curves for the erupted volume data of Mt.
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Etna, Kilauea, PdiF and Hekla (lava volume). In each case data is separated into the 
time periods described by different duration regimes.
7.3.2 The relationship between erupted volume and eruption du­
ration
Despite the likely inaccuracies of the volume data used in this investigation, Fig. 
7.4 shows the expected positive correlation (Eq. 7.1) between eruption duration and 
erupted volume at the volcanic systems investigated (in particular Mt. Etna, PdlF 
(1972-1992) and Hekla (1300-1947)). Such correlations have been noted in the past 
(Mulargia et al., 1985; Stieltjes and Moutou, 1989) and Aki and Ferrazzini (2001) tried 
to simulate this relationship using physical models of the volcano plumbing systems. 
Wadge (1981) noted that volcanic systems show large variations in their eruption dura­
tions, erupted volumes and eruption rates. The broad range of eruption durations and 
erupted volumes within the data of this study is demonstrated here, with both types of 
data spanning similar numbers of orders of magnitude (Fig. 7.4). The duration-volume 
data, however, plots in narrow bands suggesting that a more restricted range of average 
eruption rates exists at these volcanic systems (Fig. 7.4).
The strength of the correlation is reduced when the d3a (1300-2000) data and d3& (1948- 
2000) data of Hekla is considered (R 2 values of 0.023 and 0.025 respectively, Fig. 
7.4d). While the first reflects the low sample size involved, the latter indicates a poor 
correlation between the volume of tephra erupted and the duration of the initial explo­
sive phase from which it was produced, implying that average eruption rate may have 
a more important role in controlling the duration of this phase. Factors controlling 
average eruption rate and the effect they have on final eruption duration are discussed 
in subsections 7.3.3 and 7.3.4.
The positive correlation between lava volume and total eruption duration causes the
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Fig. 7.4 Plots of eruption duration against erupted volume for (a) Mt. Etna (flank 
eruptions), (b) Kilauea, (c) PdlF and(d) Hekla (mixed eruptions) for the time periods 
stated. For (d) d?M and d:ib duration data are plotted against erupted tephra volume and 
lava volume respectively. R 2 values are linear regressions performed on the logs of the 
data
identified time periods defined by different duration regimes to also have different 
erupted volumes. For example the Mt. Etna data of 1600-1669 is typified by longer 
duration eruptions than those for the period 1670-2010, and the mean erupted volume 
is reduced from 418.8 x l0 6m3 to 46.4 x l0 6m3 across this temporal boundary. Similarly 
the data for d3b durations at Hekla plot in two discrete clusters in Fig. 7.4d, with the 
1300-1947 data having higher durations and lava volumes than the 1948-2000 data. 
These variations are more evident in Figs. 7.3a and d. The volume data of PdlF reflects
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Table 7.1: Significance test results comparing the distribution of erupted lava volumes at Mt. 
Etna (1600-1669,1670-2004), PdlF (1972-1992 and 1998-2007) and Hekla (1300-1947 and 
1948-2000)
Data Logrank Mann-Whitney t-test
Etna II< B (n=44) p = 0.001 * p = 0.012 * p = 0.039 *
PdlF A  (n=36) B (n = 24) p = 0.090 • p = 0.072 • p = 0.022 *
Hekla II< B (n=3) p = 0.001 ★ p = 0.022 * p = 0.000 7k-
Etna: A = 1600-1669, B = 1670-2004
PdlF: A = 1972-1992, B = 1998-2007 
Hekla: A = 1300-1947, B = 1948-2000
★ = significant at a 0.05 level, • = moderate significance (p-value = 0.05-0.1). 
t-test applied to the logs of the data.
the bimodal nature of its eruption durations, plotting in two distinct clusters in Fig. 
7.4c. The two time periods identified here are not described by significantly different 
duration distributions, but eruption durations from the 1972-1992 period were found to 
be more bimodal that the 1998-2011 data. The same is true for erupted volumes with 
a greater proportion of the low volume cluster of Fig. 7.4c comprising of eruptions 
from the 1972-1992 period, and their empirical survivor function curves diverging at 
volumes < 7 x l06m3 (Fig. 7.3c). Significance tests performed on these volume data 
indicate that the observed differences are either significant (Mt. Etna and Hekla) or 
moderately significant (PdlF) at the 0.05 level (Table 7.1).
The results presented here suggest that volume most probably is an important control 
on eruption duration and that eruptions with higher volumes often have longer dura­
tions. This relationship could work both ways, and it is possible that longer duration 
eruptions have higher erupted volumes if the output rate is similar or less than the 
supply rate of magma to the volcanic system. It is also worth noting that these conclu­
sions are currently based on volume data that carries large errors and should be revised 
before the strength of this relationship is investigated further.
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7.3.3 The role of eruption rate in controlling eruption duration
Simple models of volcanic conduits consider viscous flow through a circular pipe, 
where volumetric flow rate, or in this case, eruption rate (Q) can be considered a func­
tion of viscosity (//), conduit radius (R) and the pressure gradient from depth. Eq. 7.2 
gives this relationship for the flow of magma through volcanic conduits of nearly cir­
cular cross section where ps is the rock density, pi is the magma density and (ps — pi)g 
the pressure gradient available to drive the magma from depth to the surface (Turcotte 
and Schubert, 1982).
Q = -  (7.2)
8 p
In reality a volcanoes plumbing system is more likely to consist of dykes rather than 
circular pipes and therefore a model of flow rate through a slot (with width W  and 
along-strike length S ) may be more appropriate (Eq. 7.3) (Turcotte and Schubert, 
1982; Mouginis-mark et al., 1982).
Q = ( P s - fil) 9 S W  3
1 2 / i
Each volcanic system will have a unique range of possible values for each of the pa­
rameters in Eq. 7.2 or 7.3. For a single volcanic eruption the configuration of these 
values will vary, such that often eruption rates will be similar and around an average, 
however occasional extremely high or low eruption rates could occur. While the poten­
tial range of these parameter values may be relatively small at a single volcanic system, 
they may vary more dramatically between volcanic systems with different plumbing 
systems, volcanic architecture and style of volcanic activity.
In terms of importance it is difficult to identify the leading control on eruption rate,
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however, the relationship expressed in Eq. 7.2 can be used to hypothesise some rank­
ing. For example, both equations show eruption rate to be inversely proportional 
to magma viscosity. With the exception of mixed eruptions from Hekla, the erup­
tions considered in this Chapter (Mt. Etna (flank eruptions), Kilauea and PdlF) are 
all basaltic effusive eruptions. Previous investigations have shown that despite their 
broadly similar chemistry, erupted lavas from Mt. Etna behave differently to those of 
Hawaii and PdlF, having a Bingham plastic nature as opposed to a Newtonian fluid 
nature (Robson, 1967). This, however, is more probably more strongly developed in 
the degassed lava following eruption, than in the less-degassed magma in the conduit. 
Considering it is the rheology of the magma in the conduit that will have an effect on 
eruption rate, the viscosity variation between the lavas of these three volcanic systems 
is most probably slight. In contrast, R  is shown to the power of four in Eq. 7.2 and 
W  to the power of three in Eq. 7.3, indicating that a small change in conduit radius or 
dyke width could have a large effect on the overall eruption rate of an eruption.
Dyke widths in nature vary considerably, ranging from centimetres to hundreds of me­
ters Krumbholz et al. (2014). Although these measurements are post emplacement and 
may not equate directly with the dyke widths during emplacement, it is entirely pos­
sible that a similarly broad range of dyke widths exist during eruptions. This implies 
that conduit radius or dyke width has the potential to vary considerably. Furthermore, 
Krumbholz et al. (2014) demonstrated that Weibull distributions are consistently able 
to describe dyke width data from individual volcanic systems, although the param­
eter values of these distributions vary for different volcanic systems. The similarity 
between the shape of this theoretical distribution and those that were used to model 
eruption duration data in this study (Chapter 5) suggest that dyke width may be an im­
portant control on eruption duration. The following section will consider dyke widths 
in terms of volcano spreading rate, drawing evidence from variations in the volcanic 
systems investigated throughout this thesis.
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7.3.4 Hypothesised link between volcano spreading rate and erup­
tion duration
It is reasonable to assume that volcanic systems subjected to extensional stresses are 
likely to have larger dyke widths (or wider volcanic conduits) than systems in a intra­
plate setting with minimal extension taking place. Variable volcano spreading rate 
(either due to gravitational spreading or rift-type extension driven by textonic forces) 
could therefore be an important factor controlling conduit width at volcanic systems, 
and thus an important control on eruption rate and consequently eruption duration for a 
given erupted volume. Both Kilauea and PdlF represent ocean island volcanism which 
have been subjected to gravitational mass wasting and have developed rift zones (Wal­
ter et al., 2006). Walter et al. (2006) noted how the geometry and expression of these 
rift zones are very different, with those on Kilauea being narrow and well defined while 
those on PdlF being broad and more diffuse. Mechanisms for this variation include vol­
cano spreading, which has been described as short and intermittent at PdlF (Le Corvee 
and Walter, 2009) while maximum spreading rates of 25 cmy-1 were recorded for 
Kilauea for the period 1960-1983 (Delaney et al., 1993).
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Fig. 7.5 Empirical survivor function plot of average eruption rates from PdlF (1972- 
1992 and 1998-2007) and Kilauea (1960-1979)
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Table 7.2: Significance test results comparing the distribution of average eruption rate from 
Kilauea (1960-1983) to that of PdlF (1972-1992 and 1998-2007)
Data Logrank Mann-Whitney t-test
K (n = 2 3 )  F 1 ( n = 3 6 ) p = 0.000 * p  = 0.004 * p  = 0.035 *
K ( n = 2 3 )  F 2 ( n = 2 4 ) p  = 0.001 * p  = 0.041 * p  = 0.093 •
K = Kilauea (1960-1979), F x = PdlF (1972-1992), F2 = PdlF (1998-2007)
* = significant at a 0.05 level, •  = moderate significance (p-value = 0.05-0.1). 
i-test applied to the logs of the data.
Mean average eruption rate for Kilauea is 69.01 m3s“ 1 whereas for PdlF it is only 6.93 
m3s-1 . The higher eruption rates of Kilauea are consistent with the theory that higher 
spreading rates encourage wider conduits and thus higher eruption rates. Fig. 7.5 plots 
empirical survivor function curves for average eruption rates at PdlF (1972-1992 and 
1998-2007) and Kilauea (1960-1983) and Table 7.2 reports significance test results 
indicating that the distribution of eruption rates at Kilauea is significantly different 
from that of PdlF at the 0.05 level, regardless of which time period data for PdlF is 
taken.
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Fig. 7.6 Empirical survivor function curves of (a) eruption durations (previously seen 
in Figs. 4.11 and 4.13a) and (b) erupted volumes (previously seen in Fig. 7.3b and c) 
at Kilauea and PdlF for the periods stated. Note that the periods covered by volume 
data are not the same as the duration data for reasons mentioned in subsection 7.3.1
It is worth noting that despite this result, only eruption durations from the period 1998- 
2011 at Pdlf are found to be significant to moderately significantly different to Kilauea
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Table 7.3: Significance test results comparing the distribution of eruption durations and 
erupted lava volumes at PdlF (1972-1992 and 1998-2011) and Kilauea (1960-1983)
Data Logrank Mann-Whitney t-test
Duration K  (n=25) 
K  (n= 25)
T l  (n=38) 
^ 2  (n=31)
p = 0.761 
p = 0.307
p = 0.216 
p = 0.016 *
p = 0.485 
p = 0.083 •
Volume K  (n=23) 
K  (n = 23)
T l  (n=36) 
(n = 24)
p = 0.008 •
p = 0.284
p = 0.071 • 
p = 0.790
p = 0.140 
p = 0.963
K = Kilauea (1960-1983), Fi = PdlF (1972-1992), F2 = PdlF (1998-2007)
* = significant at a 0.05 level, • = moderate significance (p-value = 0.05-0.1). 
t-test applied to the logs of the data.
(Fig. 7.6a and Table 7.3). This reflects interplay between volume and eruption rate 
in controlling eruption duration. According to Eq. 7.1 scenarios described by high 
volumes and high rates (i.e. Kilauea) could result in similar eruption durations to those 
described by lower volumes and lower rates (i.e. PdlF). Fig. 7.6b plots empirical sur­
vivor function curves for the volumes erupted at PdlF (1972-1992 and 1998-2007) and 
Kilauea (1960-1979). While the curves are similar it is clear that volumes erupted by 
Kilauea are generally higher than those erupted at PdlF. Significance tests performed 
on these data indicate that the distribution of erupted volumes from Kilauea are mod­
erately significantly different from those erupted during the period 1972-1992 (Table 
7.3). This corresponds well with the theory outlined above.
Furthermore, eruption duration forecasts presented in Chapter 5 implied that since 
1983 eruptive behaviour at Kilauea has changed. This has been noted before with 
decelerations in ground surface deformation and extension following the onset of the 
January 1983 Pu’u’O’o - Kupaianaha eruption (Delaney et al., 1993,1998). It is possi­
ble that this very long duration eruption is a direct result of this reduced spreading rate 
(from 25 cm yr—1 before 1983 to < 5 cm yr_ l  since (Delaney et al., 1998)) restricting 
conduit width and thus eruption rate.
Finally Chapter 4 found that volcanic systems situated within the active rift zone of 
Iceland tended to produced shorter basaltic effusive eruptions than volcanic systems
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situated outside this zone (Fig. 4.19). The occurrence of periods of intense rifting 
at inside rift volcanic systems (i.e. Krafla fires) has been used in the past to indicate 
that axial rift volcanism is controlled by the spreading and subsequent rifting of the 
crust (Thordarson and Larsen, 2007). This close association between volcanism and 
spreading may extend further and also control the duration of these eruptions. For 
example the extensional setting of inside rift volcanic systems (Bjomsson, 1985) may 
promote wider conduits and thus higher eruption rates than the volcanic systems situ­
ated outside this rift zone and this relationship may be driving the observed differences 
in the distribution of eruption durations at these two regional settings. Unfortunately, 
accurate estimates of the volume of material involved in these eruptions on Iceland are 
rare and thus it is unclear how much volume variation occurs between the individual 
volcanic systems themselves or their regional setting.
Wadge and Burt (2011) investigated the relationship between dyke orientation and 
eruption duration at Nyamuragira, Democratic Republic of Congo and found that erup­
tions from dykes orientated parallel to the rift are often longer lived than those from 
dykes in other orientations. This is attributed to the lower magma over pressure that 
must be sustained for eruptions from these dykes to continue. This is perhaps inconsis­
tent with the theory proposed above, whereby greater extensional stresses (rift parallel 
dykes) results in wider dykes with shorter duration eruptions. However, the dykes of 
Wadge and Burt (2011) are all within a rift zone (extensional setting) and it is the 
spatially variable interplay of the radial and linear stress fields that is important there. 
The fact that changes in the stress field of eruptive dykes/vents have the potential to 
alter the dynamics of eruptions on a local scale implies that the larger scale hypothesis 
outlined here is conceivable.
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7.4 Conclusions
The following section outlines the main conclusions of this thesis:
1. Datasets of historic eruption durations have been compiled from the existing lit­
erature for Mt. Etna (flank eruptions only), Kilauea, Piton de la Foumaise (PdlF) 
and Iceland (presented in Chapter 3), using a clearly stated definition of eruption 
duration and method of qualitative uncertainty assessment (outlined in section
2.1). This thorough approach means that the datasets are both consistent and 
reliable allowing comparisons to be made both within the datasets of individual 
volcanic systems and between the different volcanic systems.
2. A broad range of eruption durations exists even when only eruptions of similar 
type or from the same volcanic system are considered (Chapter 4). Durations are 
generally uni-modal with heavy long and short duration tails, however, eruption 
durations from Piton de la Foumaise (PdlF) are bi-modally distributed (section
4.2).
3. Similarities can be drawn between the empirical forecasting model developed in 
this study and those used on repose interval or recurrence interval data in the 
past. The model presented here differs from these other model by:.
(a) Considering the fit of four theoretical distributions: exponential, Weibull, 
log-logistic and Burr type XII.
(b) Estimating the parameter values of theoretical distributions by maximum 
likelihood. This also allows confidence intervals to be calculated for the 
forecasting results obtained.
(c) Allowing three types of forecast to be made: The probability of a future 
eruption exceeding a specified duration (survivor function), the minimum
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duration associated with a given probability (quantile function) and the 
probability of an eruption which has been on-going for t  days exceeding 
a specified total duration (residual life function) (section 2.4).
4. A log-logistic model is often found to provide the best fit to the duration and 
repose data of this study (Chapters 5 and 6).
5. If 66 % and 33 % probabilities are used to represent likely and unlikely events 
respectively (Table 2.6), quantile function forecasts reveal that:
(a) A flank eruption at Mt. Etna is likely to exceed 17 days (±  6 days) but 
unlikely to exceed 67 days (±  22 days). This is based on historic dura­
tion data from the period 1600-2010 and therefore assumes that a return to 
eruptive activity akin to that of 1600-1669 may occur again in the future.
(b) An eruption at Kilauea is likely to exceed 3 days (dt 1 days) but unlikely to 
exceed 15 days (±  7 days) This is based on historic duration data from the 
period 1912-1983. The current eruption at Kilauea have been on-going for 
> 30 years and it is suspected that the physical properties of the plumbing 
system beneath Kilauea changed in 1983, allowing such an unusually long 
duration eruption to occur.
(c) An eruption at PdlF is likely to exceed 16 days (±  2 days) but unlikely to 
exceed 31 days (±  4 days). Due to the bimodal nature of duration data at 
PdlF this is based on historic eruptions from the period 1911-2011 with du­
rations > 2 days. These results are therefore only appropriate for eruptions 
with durations exceeding 2 days. Note that a shorter eruption of only 1 day 
occurred on 21 June 2014 (following thesis submission).
(d) A mixed eruption at Hekla is likely to have an initial explosive phase in 
excess of 0.12 days (±  0.04 days) but this phase is unlikely to exceed 0.22
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days (±  0.08 days). The total duration of a future mixed eruption from 
Hekla is likely to exceed 9 days (±  7 days) but unlikely to exceed 25 days 
(±  20 days). The forecast for total duration is based on historic duration 
data from 1948-2000.
(e) A basaltic eruption from an inside rift volcanic system on Iceland is likely 
to exceed 9 days (±  3 days) but unlikely to exceed 22 days (±  9 days). This 
excludes the Krafla volcanic system for which a future basaltic eruption is 
likely to exceed 1 day (±  1 day) but unlikely to exceed 4 days (±  2 days).
(f) A basaltic eruption from an outside rift volcanic system on Iceland is likely 
to exceed 29 days (±21 days) but unlikely to exceed 115 days (±  6 days).
(g) A fire event on Iceland is likely to have a total duration in excess of 2.77 
years (±  1.09 years) but is unlikely to exceed 5.18 years (±  1.96 years).
6. When the residual life function of the forecasting model is applied to current 
repose intervals at Mt. Etna and PdlF results indicate:
(a) A 50 % (±  17 %) probability that the current flank eruption repose at Mt. 
Etna will continue beyond July 2015.
(b) A 67 % (±  3 %) probability that the current repose between eruptions at 
PdlF will continue beyond December 2014.
7. Systematic variations in eruption duration and repose interval often occur over 
the same temporal boundaries, however, the two parameters themselves are not 
related (i.e. repose interval does not affect the following eruption duration and 
eruption duration does not affect the following repose interval).
8. Spatial variations in eruption duration at individual volcanic systems are mini­
mal. However, regional variations in eruption durations were found on Iceland,
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where the distribution of basaltic eruption durations from inside and outside rift 
volcanic systems were found to be different.
9. Within the limits of the data available, a strong correlation exists between erup­
tion duration and erupted volume indicating that volume of magma available 
prior to and during an eruption may be an important control on eruption dura­
tion.
10. Small variations in the widths of volcanic conduits or dykes could have a marked 
effect on average eruption rate. Volcano spreading rate is hypothesised to be an 
important factor controlling these widths and, considering eruption rate influ­
ences eruption duration, volcano spreading rate may be considered a controlling 
factor on eruption duration.
7.5 Suggestions for further work
The following section outlines potential future work related to eruption durations and 
the forecasting model developed in this study. The ideas are separated into three sub­
section, the first and second concentrate on possible refinements that could be made to 
the empirical probabilistic model itself and potential other applications of the model 
in the field of volcanic hazards. The third subsection lists further work required to 
improve current understandings on the factors controlling eruption durations before 
a more sensitive forecasting model can be developed which incorporates other fea­
tures of the volcanic systems instead of being based entirely on the historical eruption 
record.
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7.5.1 Possible model refinements
1. In statistics censoring occurs when the value of a measurement or observation 
is only partially known. For medical applications of survival analyses censored 
data is used to represent patients for which the event of interest has not been 
reached or who left the survey for some other reason. Here a minimum survival 
time is known and right censoring is applied. Sometimes a minimum eruption 
duration (i.e. the last date the eruption was observed) is reported along with a 
date sometime after the eruption had ended, but the precise date that the eruption 
ended is not.
Where these scenarios are encountered within this study a sensible end date and 
appropriate uncertainty is assigned and, so long as the uncertainty is not con­
sidered too high, the eruption is used in the analyses. This is a rare occurrence 
affecting < 5 % of the data in this study. However, if future analyses were to 
apply the model to volcanic systems with poorer historical records or without a 
thorough critical assessment of the data this scenario may become more frequent 
and the model may benefit from treating this data as a type of interval censoring 
(Machin et al., 2006).
2. Eruption durations at PdlF were found to have a bi-modal distribution (Chapter 
4). For the purpose of this study a refinement to the model was made such that 
eruptions with durations < 2 days were excluded from the study therefore forcing 
the data to be uni-modal. Although this was considered acceptable for a bimodal 
distribution with one mode being of very low duration, if a dataset were to be 
investigated with two modes, both of longer durations then a model refinement 
which fitted a theoretical distribution to both parts of the distribution would be 
beneficial.
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7.5.2 Possible other applications for the empirical probabilistic model
1. Forecast the duration of eruptions from other well documented, highly active 
volcanic systems (e.g. Mauna Loa, Nyamuragira, Kliuchevskoi). This would 
allow additional comparisons to be made which might highlight correlations be­
tween the tectonic setting of the volcanic system and the duration of its eruptions.
2. Similarly the duration of eruptions from a greater variety of eruption styles or 
magma compositions could be investigated. For example intermediate and felsic 
magma compositions and Plinian eruptions or a more general VEI based assess­
ment.
3. Forecast the duration of volcanic ash plumes which are considered a flight haz­
ard. This would provide flight companies with information about the likely du­
ration of flight disruption during a volcanic eruption.
7.5.3 Further assessment of the factors controlling eruption dura­
tion
1. A more thorough assessment of the physical properties relating to each duration 
regime identified in this study is required so that in-depth comparisons can be 
made. This process would highlight which parameters of Eqs. 7.1, 7.2 and 7.3 
are the most variable and which variations correlated with the observed duration 
changes. This would need to include eruption driver variables such as reservoir 
overpressure, buoyancy, degassing and fracture toughness which define to the 
{ps — Pi) term of equations 7.2 and 7.3. This work would greatly increase current 
understanding on the factors controlling eruption durations and be a useful step 
towards developing a more physical probabilistic model.
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2. Considering that eruption durations and repose intervals were found to vary 
across the same temporal boundaries some investigation into the relationship be­
tween repose interval and preceding or succeeding erupted volume and average 
eruption rate might show some interesting results.
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Appendix A 
Additional information regarding the 
Mt. Etna dataset
The following section contains information about the reported start dates, end dates 
and durations of historic flank eruptions from Mt. Etna for the period 1300 to 2010. 
In each case any discrepancies in the reported dates are discussed and the duration 
uncertainty assigned in this study explained.
Table A.l summarises the available information for the reported flank eruptions from 
Mt. Etna. Those with eruption durations that are considered reliable and thus used in 
this study have numbers in column one which correspond to the eruption numbers of 
Table 3.1. These numbers are also referred to in the following text. Three eruptions 
were originally thought to be flank eruptions but are not best described as summit 
eruptions. These are reported in Table A.2 and in the text below but are not included 
in any of the analyses of this study.
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APPENDIX A. MT. ETNA FLANK ERUPTIONS
Table A.l: Table containing the 76 flank eruptions from Mt. Etna reported for the period 
1300-2010
Preferred Date Duration U/C
# Location Start Year Start End Duration + -
1 VDB 1329
1333
28-06-1329 25-08-1329 58 5.5 5.5
1381 05-08-1381 0.5 1
2 S-Rift 1408
1444
09-11-1408 21-11-1408 12 1 1
1446 25-09-1446 0.5 0.5
3 S-Rift 1536 22-03-1536 05-04-1536 14 5.5 5.5
4 S-Rift 1537 11-05-1537 29-05-1537 18 1.5 1.5
1566 15-11-1566 15-12-1566 30 30 30
1579 09-09-1579 0.5 365
1607 28-06-1607 01-07-1608 369 183 183
5 SW flank 1610 06-02-1610 15-08-1610 190 1 1
6 NE-Rift 1614 01-07-1614 01-07-1624 3653 183 183
7 S-Rift 1634 19-12-1634 15-06-1636 544 16 16
8 NE-Rift 1643 20-02-1643 28-02-1643 8 1 1
9 NE-Rift 1646 20-11-1646 17-01-1647 58 1 1
10 W-Rift 1651 17-01-1651 01-07-1653 896 183.5 212.5
11 S-Rift 1669 11-03-1669 11-07-1669 122 1 1
1682 15-09-1682 15-10-1682 44 30 30
1689 14-03-1689
12 VDB 1702 08-03-1702 08-05-1702 61 1 1
13 VDB 1755 09-03-1755 15-03-1755 6 1.5 1
1759 01-05-1759 02-08-1759 93 1 1
14 W-Rift 1763 06-02-1763 10-03-1763 32 6 1
15 S-Rift 1763 18-06-1763 10-09-1763 84 1.5 2.5
1764 01-07-1764 01-07-1765 365 365 365
16 S-Rift 1766 28-04-1766 07-11-1766 193 1.5 1.5
17 S-Rift 1780 18-05-1780 29-05-1780 11 2.5 1.5
18 S-Rift 1792 26-05-1792 15-05-1793 354 18 32
19 VDB 1802 15-11-1802 17-11-1802 2 1.5 1.5
Continued on next page...
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Table A.l -  Continued
Preferred Date Duration U/C
# Location Start Year Start End Duration + -
20 NE-Rift 1809 27-03-1809 09-04-1809 13 1 1.5
21 VDB 1811 27-10-1811 24-04-1812 180 1 1.5
22 VDB 1819 27-05-1819 01-08-1819 66 5 1
23 W-Rift 1832 01-11-1832 22-11-1832 21 2 1
24 W-Rift 1843 17-11-1843 28-11-1843 11 1 1
25 VDB 1852 20-08-1852 27-05-1853 280 1 1
26 NE flank 1865 30-01-1865 28-06-1865 149 1 1
NE-Rift 1874 29-08-1874 31-08-1874 2 1 2
27 NE-Rift 1879 26-05-1879 07-06-1879 12 1 1.5
28 S-Rift 1883 22-03-1883 24-03-1883 2 1 1
29 S-Rift 1886 19-05-1886 07-06-1886 19 1 1
30 S-Rift 1892 09-07-1892 29-12-1892 173 20.5 3
31 VDB 1908 29-04-1908 30-04-1908 0.75 0.04 0.04
32 S-Rift 1910 23-03-1910 18-04-1910 26 1 1
33 NE-Rift 1911 10-09-1911 22-09-1911 12 2 1.5
1918 30-11-1918 01-12-1918 1 1 1.5
34 NE-Rift 1923 17-06-1923 18-07-1923 31 1.5 1
35 NE flank 1928 02-11-1928 20-11-1928 18 1 1.5
36 SW flank 1942 30-06-1942 30-06-1942 0.54 0.04 0.04
37 NE-Rift 1947 24-02-1947 10-03-1947 14 3.5 1
1949 02-12-1949 05-12-1949 3 1.5 1.5
38 VDB 1950 25-11-1950 02-12-1951 372 1 1.5
39 VDB 1956 01-03-1956 02-03-1956 1 1 1
40 VDB 1964 01-02-1964 25-02-1964 24 5.5 5.5
41 VDB 1968 07-01-1968 04-05-1968 118 1 1
42 VDB 1971 05-04-1971 12-06-1971 68 1 1
43 W-Rift 1974 30-01-1974 17-02-1974 18 1.5 1
44 W-Rift 1974 11-03-1974 29-03-1974 18 1 1
45 NE-Rift 1975 24-02-1975 29-08-1975 186 14.5 1
46 NW flank 1975 29-11-1975 08-01-1977 406 1 1
47 VDB 1978 29-04-1978 05-06-1978 37 1 1
Continued on next page...
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Table A.l -  Continued
Preferred Date Duration U/C
# Location Start Year Start End Duration + -
48 VDB 1978 24-08-1978 30-08-1978 6 L5 2
49 VDB 1978 18-11-1978 30-11-1978 12 1 6
50 VDB 1979 03-08-1979 09-08-1979 6 1 1
51 N flank 1981 17-03-1981 23-03-1981 6 1 1.5
52 S-Rift 1983 28-03-1983 06-08-1983 131 1 1
53 S-Rift 1985 10-03-1985 13-07-1985 125 1 2.5
54 VDB 1985 25-12-1985 31-12-1985 6 1 1
55 VDB 1986 30-10-1986 01-03-1987 122 1 4.5
56 VDL 1989 27-09-1989 09-10-1989 12 1 1
57 VDB 1991 14-12-1991 31-03-1993 473 1 1.5
58 S-Rift 2001 17-07-2001 09-08-2001 23 1 1
59 S-Rift 2002 27-10-2002 28-01-2003 93 1.5 1
60 SE flank 2004 07-09-2004 08-03-2005 182 1 1
61 E flank 2006 13-10-2006 15-12-2006 63 1 1
62 E flank 2008 13-05-2008 06-07-2009 419 1 2.5
U/C = uncertainty. Units: durations and duration uncertainties = days.
Table A.2: Potential flank eruptions for the period 1300-2010 which are excluded from the 
study due to their close association with summit vents
Start Year
Preferred Date
Duration
Duration U/C
Start End +
1759 01-05-1759 02-08-1759 93 1 1
1869 26-09-1869 26-09-1869 0.4 0.04 0.04
1999 04-02-1999 05-11-1999 274 1 1
2006 14-07-2006 24-07-2006 10 1 1
U/C = Uncertainty. Units: durations and duration uncertainties = days.
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# 1. June 1329. For this eruption we use the start date 28 June 1329 reported by Tanguy 
(1981), Branca and Del Carlo (2004) and Tanguy et al. (2007). The end date of this 
eruption is reported by Tanguy (1981) and Tanguy et al. (2007) as the end of August 
1329 and it is treated according to the ‘late month’ category of Table 2.1.
The principle vent for this eruption was within the Valle del Bove, however, a second 
vent opened at a lower altitude on the south-east flank later in the eruption (Mt. Rosso 
near the Fieri village) (Tanguy, 1981; Tanguy et al., 2007). The eruption is attributed 
to sector B of Fig. 3.1, however, the lava flows from both vents are included in Fig.
3.1.
1333: Excluded. An eruption in the year 1333 is reported by Tanguy (1981) and Tan­
guy et al. (2007), however, precise start and end dates of this eruption are unknown.
August 1381: Excluded. An eruption starting on either 5 or 6 August is reported by 
Tanguy (1981), Branca and Del Carlo (2004) and Tanguy et al. (2007), however, the 
end date of this eruption is unknown.
# 2. November 1408. For this eruption we use the start date 9 November 1408 reported 
by Tanguy (1981), Branca and Del Carlo (2004) and Tanguy et al. (2007) and the end 
date 21 November 1408 as reported by Branca and Del Carlo (2004). Reported end 
dates later than this can be found in the literature (Tanguy, 1981; Tanguy et al., 2007), 
however, these dates relate to the end of the summit activity which began on 8 Novem­
ber from the central crater and continued throughout this flank eruption (Tanguy, 1981; 
Tanguy et al., 2007).
The eruption was from a series of vents in the area of Mt. Albero (South flank) (Tan­
guy, 1981; Branca and Del Carlo, 2004; Tanguy et al., 2007) and is attributed to sector 
B of Fig. 3.1.
1444: Excluded. An eruption in the year 1444 is reported by Tanguy et al. (2007),
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however, precise start and end dates are unknown. Tanguy et al. (2007) also suggest 
that the eruptions certainty is questionable.
1446: Excluded. An eruption starting on 25 September is reported by Tanguy (1981), 
Branca and Del Carlo (2004) and Tanguy et al. (2007), however, the end date of this 
eruption is unknown.
# 3. March 1536. For this eruption we use the start date 22 March 1536 reported by 
Tanguy (1981), Branca and Del Carlo (2004) and Tanguy et al. (2007). Although this 
eruption was accompanied by summit activity lasting until the end of the year, the flank 
eruption is reported to end in April 1536 (Branca and Del Carlo, 2004). Tanguy et al. 
(2007) consider the eruption most likely to have ended on 8 April 1536. To account for 
the uncertainty in this statement this end date is treated according to the ‘early month’ 
category of Table 2.1.
The flank component of this eruption was from a vent located somewhere between Mt. 
Vetore and Mt. Sona on the South flank of Mt. Etna (Tanguy, 1981; Branca and Del 
Carlo, 2004; Tanguy et al., 2007). It is worth noting that large lava flows from this 
year on the North flank are visible on both the 1979 and 2010 geological maps of Mt. 
Etna (Romano et al., 1979; Branca et al., 2011) and have been attributed to summit 
overflows so are not included on Fig. 3.1. The eruption is attributed to sector B of Fig.
3.1.
#4. May 1537. This eruption is reported as starting between 10 and 12 May 1537 
(Tanguy, 1981; Branca and Del Carlo, 2004; Tanguy et al., 2007). Here we use the end 
date 11 May 1537 and a duration uncertainty of ±  1 day is assigned to account for this 
literature-derived uncertainty. The end date 29 May 1537 is used here as reported by 
Branca and Del Carlo (2004), however, some catalogues report this activity as ending 
in June or July. This later date most probably relates to the end of summit activity 
which was concurrent with the flank eruption.
304
APPENDIX A. MT. ETNA FLANK ERUPTIONS
Tanguy et al. (2007) describe the vent location of this eruption as being at approxi­
mately 1700 m elevation below the Sapienza refuge and therefore it is attributed to 
sector B of Fig. 3.1.
November 1566: Excluded. An eruption between November and December 1566 is 
reported for Mt. Etna, however, the precise dates are unknown (Tanguy, 1981; Branca 
and Del Carlo, 2004; Tanguy et al., 2007). Treating both dates according to the ‘nearest 
month’ category of Table 2.1 would result in a duration uncertainty of > 50 % and 
therefore it is excluded from the analyses of this study.
September 1578/79: Excluded. An eruption is reported by Branca and Del Carlo (2004) 
and Tanguy (1981) as starting on 9 September of either 1578 or 1579. Tanguy et al. 
(2007) suggest that there may have been one or several eruptions on the flanks of Mt. 
Etna at this time. Further information is unknown and the eruption is excluded from 
the analyses of this study.
June 1607: Excluded. An eruption starting on 28 June 1607 and ending the following 
year has been speculated in the literature (Tanguy, 1981; Branca and Del Carlo, 2004; 
Behncke et al., 2005; Tanguy et al., 2007). Although treating the end date accord­
ing to the ‘nearest year’ category of Table 2.1 would result in an acceptable duration 
uncertainty this eruption has been confused in the past with the 1610 eruption and is 
therefore excluded from the analyses of this study.
# 5. February 1610. The catalogues of eruptions within Tanguy et al. (2007) and Behncke 
et al. (2005) split this eruption into two separate flank eruptions (6 February 1610 to 
3 May 1610 and 3 May 1610 to 15 August 1610). The similar location of these erup­
tions and the < 10 day pause in activity between them results in a single eruption being 
reported here.
This eruption is attributed to sector B of Fig. 3.1.
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# 6. July 1614. For this eruption we use the start date of 1 July 1614 reported by Tanguy 
(1981), Branca and Del Carlo (2004), Behncke et al. (2005) and Tanguy et al. 2007. 
Tanguy (1981), Branca and Del Carlo (2004), Behncke et al. (2005) and Tanguy et al. 
(2007) report the eruption as ending in the year 1624 and it is treated according to the 
‘nearest year’ category of Table 2.1.
The eruption formed the Due Pizzi super homitos on the volcano’s North flank and it 
is attributed to sector A of Fig. 3.1.
#  7. December 1634. For this eruption we use the start date 19 December 1634 re­
ported by Tanguy (1981), Branca and Del Carlo (2004) and Behncke et al. (2005). 
Mulargia et al. (1985) and Tanguy et al. (2007) report this eruption starting the pre­
vious day and a duration uncertainty of + 1 day has been assigned to account for this 
literature-derived uncertainty. The end date of this eruption is reported as June 1636 
by Tanguy (1981), Branca and Del Carlo (2004), Behncke et al. (2005) and Tanguy 
et al. (2007) and it has been treated according to the ‘nearest month’ category of Table 
2 . 1.
This eruption is attributed to sector B of Fig. 3.1.
# 8. February 1643. For this eruption we use the start date 20 February 1643 and end 
date 28 February 1643 reported by Tanguy (1981) and Behncke et al. (2005). Tanguy 
et al. (2007) exclude this eruption from their catalogue due to some confusion in the 
literature between its vent location and that of the 1646-7 eruption. Close inspection 
of the descriptions within Tanguy (1981) suggests that this eruption generated lava 
flows towards Castiglione di Sicillia and although the precise location of this eruption 
is uncertain, the position of its erupted material is used here to conclude that it should 
be attributed to sector A of of Fig. 3.1.
# 9. November 1646. For this eruption we use the start date 20 November 1646 re-
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ported by Tanguy (1981), Mulargia et al. (1985), Branca and Del Carlo (2004), Behncke 
et al. (2005) and Tanguy et al. (2007) and end date 17 January 1647 reported by Tanguy 
(1981), Branca and Del Carlo (2004), Behncke et al. (2005) and Tanguy et al. (2007). 
The duration given by Mulargia et al. (1985) supports this end date.
The source location of this eruption is reported as the Mt. Nero cinder cone (Tanguy, 
1981; Branca and Del Carlo, 2004; Tanguy et al., 2007) and it is attributed to sector A 
of Fig. 3.1.
#10. January 1651. For this eruption we use the start date 17 January 1651 reported 
by Tanguy (1981), Behncke et al. (2005) and Tanguy et al. (2007). Mulargia et al. 
(1985) report this eruption starting on 16 January 1651 and Branca and Del Carlo
(2004) report it starting 17 February 1651. A duration uncertainty of + 1 day and - 30 
days is assigned to the start date of this eruption to account for this literature-derived 
uncertainty. The end date is also uncertain with both Tanguy et al. (2007) and Behncke 
et al. (2005) reporting a questionable end date of July 1653 while Tanguy (1981) and 
Branca and Del Carlo (2004) report only the year 1653. Here the end date is treated 
according to the ‘nearest year’ category of Table 2.1.
Two eruptions are reported for Mt. Etna in 1651, both with the same start date. The 
dates here reflect the eruption on the West flank and therefore it is attributed to sector 
C of Fig. 3.1. The other eruption was on the volcano’s East flank, however, little 
information about this eruption has been found.
#11. March 1669. For this eruption we use the start date 11 March 1669 reported by 
Tanguy (1981), Mulargia et al. (1985), Branca and Del Carlo (2004), Behncke et al.
(2005) and Tanguy et al. (2007) and end date 11 July 1669 reported by Tanguy (1981), 
Branca and Del Carlo (2004), Behncke et al. (2005) and Tanguy et al. (2007). The 
duration given by Mulargia et al. (1985) supports this end date.
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The vent location of this eruption is reported as the Mt. Rossi cinder cone (Tanguy, 
1981; Branca and Del Carlo, 2004; Tanguy et al., 2007) and it is attributed to sector B 
of Fig. 3.1.
September 1682: Excluded. This eruption is reported by Tanguy (1981), Branca and 
Del Carlo (2004, 2005), Behncke et al. (2005) and Tanguy et al. (2007) starting in 
September 1682 and The Smithsonian Institution’s Global Volcanism program (Siebert 
et al., 2010; Venzke et al., 2013) reports it ending in October 1682. Both the start and 
end date of this eruption need to be treated according to the ‘nearest month’ category of 
Table 2.1, however, this would result in a duration uncertainty of > 50 % and therefore 
the eruption is excluded from the analyses of this study.
March 1689: Excluded. This eruption is reported by Tanguy (1981), Mulargia et al. 
(1985) and Branca and Del Carlo (2004) starting on 14 March 1689, however, the end 
date of this eruption is unknown.
#72. March 1702. For this eruption we use the start date 8 March 1702 reported by 
Tanguy (1981), Mulargia et al. (1985), Branca and Del Carlo (2004), Behncke et al. 
(2005) and Tanguy et al. (2007) and the end date 8 May 1702 reported by Tanguy 
(1981), Branca and Del Carlo (2004), Behncke et al. (2005) and Tanguy et al. (2007). 
Mulargia et al. (1985) give a 5 day duration for this eruption which is considerably 
shorter than the 61 days obtained from other sources. Given the limited information 
included within Mulargia et al. (1985) and the wealth of other sources reporting an end 
date of 8 May 1702 this short duration is not used in this study.
This eruption is attributed to sector B of Fig. 3.1.
# 13. March 1755. For this eruption we use the start date 9 March 1755 reported 
by Tanguy (1981), Mulargia et al. (1985), Branca and Del Carlo (2004, 2005) and 
Behncke et al. (2005) and end date 15 March 1755 reported by Tanguy (1981), Branca
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and Del Carlo (2004,2005), Behncke et al. (2005) and Tanguy et al. (2007). The dura­
tion given by Mulargia et al. (1985) supports this end date. Tanguy et al. (2007) report 
this eruption as starting one day earlier and a + 1 day duration uncertainty has been 
assigned to account for this literature-derived uncertainty.
This eruption occurred within the Valle del Bove and has been attributed to sector A of 
Fig. 3.1.
May 1759: Excluded. A 93 day duration flank eruption starting on 1 May 1759 is re­
ported by Mulargia et al. (1985). Other records of historic eruptions on Mt. Etna 
recognise summit activity beginning in April 1759 and ending in 1763, however, they 
do not provide separate dates for the flank component of this activity. This eruption is 
therefore excluded from this study.
# 14. February 1763. For this eruption we use the start date 6 February 1763 reported 
by Tanguy (1981), Branca and Del Carlo (2004, 2005), Behncke et al. (2005) and 
Tanguy et al. (2007), however, Mulargia et al. (1985) report this eruption starting 1 
day earlier and a + 1 day duration uncertainty has been assigned to the eruption start 
date account for this literature-derived uncertainty. The end date of this eruption is 
also uncertain. Here we use the end date 10 March 1763 reported by Branca and Del 
Carlo (2004, 2005) and Behncke et al. (2005), however, Tanguy (1981) and Tanguy 
et al. (2007) report an end date of 5 days later and a + 5 day duration uncertainty 
has been assigned to the eruption end date to account for this literature-derived uncer­
tainty.
This eruption occurred from two vents on the West flank of Mt. Etna (Mt. Nuovo and 
Mt, Mezza Luna) and it is attributed to sector C of Fig. 3.1.
# 15. June 1763. For this eruption we use the start date 18 June 1763 reported by 
Branca and Del Carlo (2004, 2005) and Behncke et al. (2005) and the end date 10
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September 1763 reported by Tanguy (1981), Branca and Del Carlo (2004, 2005), 
Behncke et al. (2005) and Tanguy et al. (2007). Tanguy et al. (2007) reports the start 
date 17 June 1763, Tanguy (1981) reports 19 June 1763 and Mulargia et al. (1985) 
reports 20 June 1763. A duration uncertainty of +1 day and -2 days is assigned to 
account for this literature-derived uncertainty.
The La Montagnola scoria cone on the South flank of Mt. Etna was formed by the 
proximal deposits of this eruption (Tanguy, 1981; Branca and Del Carlo, 2004; Tanguy 
et al., 2007) and it is attributed to sector B of Fig. 3.1.
1764: Excluded. Branca and Del Carlo (2004, 2005) report an eruption in the year 
1764, however, the precise start and end dates of this eruption are unknown.
# 16. April 1766. For this eruption we use the start date 28 April 1766 and end date 7 
November 1766 reported by Tanguy (1981) and Tanguy et al. (2007). Some catalogues 
report the eruption starting one day earlier (Mulargia et al., 1985; Branca and Del 
Carlo, 2004,2005; Behncke et al., 2005) and/or ending one day earlier (Behncke et al., 
2005; Branca and Del Carlo, 2004). We have assigned a i l  day duration uncertainty 
to account for this literature derived uncertainty.
The eruption formed the Mt. Calcarazzi cinder cones (Branca and Del Carlo, 2004, 
2005; Behncke et al., 2005; Tanguy et al., 2007) and it is attributed to sector B of Fig.
3.1.
#17. May 1780. For this eruption we use the start date 18 May 1780 as reported by 
Tanguy (1981), Mulargia et al. (1985), Branca and Del Carlo (2004), Behncke et al. 
(2005) and Tanguy et al. (2007) and the end date 29 May 1780 as reported by Branca 
and Del Carlo (2004). Behncke et al. (2005) reports the end date 28 May 1780, Tanguy 
et al. (2007) reports 30 May 1780 and the duration given by Mulargia et al. (1985) 
implies an end date in July. The later of these relates to the end of periodic summit
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activity and can therefore be ignored. A duration uncertainty of +2 days and -1 day is 
assigned to account for the other literature-derived uncertainty.
This eruption has been attributed to sector B of Fig. 3.1.
# 18. May 1792. For this eruption we use the start date 26 May 1792 reported by 
Branca and Del Carlo (2004, 2005) and Behncke et al. (2005). Chester et al. (2012) 
reports the start date 23 May 1792 and Tanguy (1981) reports the 12 June 1792. A 
duration uncertainty of + 3 days and - 17 days has been assigned to the start date of 
this eruption to account for this literature-derived uncertainty. Tanguy (1981), Branca 
and Del Carlo (2004,2005), Behncke et al. (2005), and Tanguy et al. (2007) report this 
eruption ending in May and it is treated according to the ‘nearest month’ category of 
Table 2.1.
Four vents were responsible for this eruption. The majority of these produced small 
flows along the South-West wall of the Valle del Bove, however, the main vent was at 
an altitude of 1900 m and produced the large lava flow which headed towards Zafferana 
(Tanguy, 1981; Branca and Del Carlo, 2004). This eruption is attributed to sector B of 
Fig. 3.1.
# 19. November 1802. For this eruption we use the start date 15 November 1802 re­
ported by Tanguy (1981), Mulargia et al. (1985), Branca and Del Carlo (2004, 2005), 
Behncke et al. (2005), and Tanguy et al. (2007) and the end date 17 November 1802 re­
ported by Branca and Del Carlo (2004). Tanguy (1981) report the end date 16 Novem­
ber 1802 and Behncke et al. (2005) report 18 November 1802. A duration uncertainty 
of ±  1 day has been assigned to the eruption end date to account for this literature- 
derived uncertainty.
This eruption is attributed to sector A of Fig. 3.1.
# 20. March 1809. For this eruption we use the start date 27 March 1809 and the end
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date 9 April 1809 reported by Tanguy (1981), Branca and Del Carlo (2004, 2005), 
Behncke et al. (2005), Tanguy et al. (2007) and Chester et al. (2012). Mulargia et al. 
(1985) reports this eruption starting on 28 March 1809 and a duration uncertainty of 
- 1 day is assigned to account for this literature-derived uncertainty. This eruption 
was accompanied by an explosion at the central crater (Branca and Del Carlo, 2004; 
Behncke et al., 2005; Proietti et al., 2011).
The flank eruption formed a chain of craters along the NE rift zone (Branca and Del 
Carlo, 2004; Tanguy et al., 2007) and it is attributed to sector A of Fig. 3.1.
#21. October 1811. For this eruption we use to start date 27 October 1811 and end 
date 24 April 1812 reported by Tanguy (1981), Branca and Del Carlo (2004, 2005), 
Behncke et al. (2005) and Tanguy et al. (2007). Mulargia et al. (1985) report this 
eruption starting on 28 October 1811 and a duration uncertainty of -1 day is assigned 
to account for this literature-derived uncertainty. This eruption was accompanied by 
an explosion at the central crater (Branca and Del Carlo, 2004; Behncke et al., 2005; 
Proietti et al., 2011).
The eruption produced the Mt. Simone scoria cone within the Valle del Bove (Tanguy, 
1981; Branca and Del Carlo, 2004, 2005; Tanguy et al., 2007) and it is attributed to 
sector A of Fig. 3.1.
#22. May 1819. For this eruption we use the start date 27 May 1819 reported by Tan­
guy (1981), Mulargia et al. (1985), Branca and Del Carlo (2004), Branca and Del Carlo 
(2005) and Tanguy et al. (2007) and the end date 1 August 1819 reported by Tanguy 
(1981) and Tanguy et al. (2007). The duration given by Mulargia et al. (1985) sup­
ports this end date. However, Behncke et al. (2005) reports the eruption starting on 
26 May 1819 and a duration uncertainty of + 1 day is assigned to the eruption start 
date to account for this literature-derived uncertainty. Branca and Del Carlo (2004, 
2005) and Behncke et al. (2005) report the eruption ending on 5 August 1819 and a
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duration uncertainty of + 5 days is assigned to the eruption end date to account for this 
literature-derived uncertainty.
The vent location for this eruption was on the upper wall of the Valle del Bove (Behncke 
et al., 2005; Tanguy et al., 2007) and it is attributed to sector B of Fig. 3.1.
#23. October 1832.
This eruption can be separated into two components. The initial phase reportedly began 
on either 30 (Chester et al., 2012) or 31 October (Branca and Del Carlo, 2004, 2005; 
Behncke et al., 2005) from a vent high on the South-South-East flank of the volcano. 
Following this, the main phase took place from a fissure on the volcano’s West flank. 
This is reported to have started on 1 November 1832 (Tanguy, 1981; Mulargia et al., 
1985; Tanguy et al., 2007) and ended on 22 November 1832 (Tanguy, 1981; Branca and 
Del Carlo, 2004,2005; Behncke et al., 2005; Tanguy et al., 2007). For this eruption we 
use the dates associated with the West flank component of the eruption (1 November - 
22 November 1832). However, a duration uncertainty of + 2 days has been assigned to 
account for the earlier initial phase of the eruption.
The main activity from the vent on the W flank formed the Mt. Nunziata scoria cone 
(Tanguy, 1981; Branca and Del Carlo, 2004; Behncke et al., 2005; Tanguy et al., 2007) 
and it is attributed to sector C of Fig. 3.1.
# 24. November 1843. For this eruption we use the start date 17 November 1843 as 
reported by Tanguy (1981), Mulargia et al. (1985), Branca and Del Carlo (2004,2005), 
Behncke et al. (2005), Tanguy et al. (2007) and Chester et al. (2012), and the end date 
28 November 1843 as reported by Tanguy (1981), Branca and Del Carlo (2004,2005), 
Behncke et al. (2005) and Tanguy et al. (2007). The duration given by Chester et al. 
(2012) supports this end date. Volcanic activity from summit craters continued at Mt. 
Etna until December 1843 (Branca and Del Carlo, 2004; Chester et al., 2012).
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This eruption formed coalescent scoria cones on the West flank (Branca and Del Carlo,
2004) and it is attributed to sector C of Fig. 3.1.
#  25. August 1852. For this eruption we use the start date 20 August 1852 reported by 
Tanguy (1981), Mulargia et al. (1985), Branca and Del Carlo (2004), Behncke et al. 
(2005), Branca and Del Carlo (2005), Tanguy et al. (2007) and Chester et al. (2012) and 
the end date 27 May 1853 reported by Tanguy (1981), Branca and Del Carlo (2004), 
Behncke et al. (2005) Branca and Del Carlo (2005) and Tanguy et al. (2007). The 
durations given by Mulargia et al. (1985) and Chester et al. (2012) support this end 
date.
This eruption formed the Mt. Centenari scoria cones (Tanguy, 1981; Branca and Del 
Carlo, 2004, 2005; Behncke et al., 2005; Tanguy et al., 2007) and it is attributed to 
sector B of Fig. 3.1.
#26. January 1865. For this eruption we use the start date 30 January 1865 reported by 
Tanguy (1981), Branca and Del Carlo (2004), Branca and Del Carlo (2005), Behncke 
et al. (2005), Tanguy et al. (2007) and Chester et al. (2012) and the end date 28 June 
1865 reported by Tanguy (1981), Branca and Del Carlo (2004), Behncke et al. (2005) 
Branca and Del Carlo (2005) and Tanguy et al. (2007). In contrast, Mulargia et al. 
(1985) give the start date 30 May 1865 and the duration 28 days (implying an end 
date of 28 June 1865). Given the wealth of evidence for a start date of this eruption 
in January and therefore a far longer duration we have discounted this Mulargia et al. 
(1985)’s start date for this eruption and do not account for the discrepancy in the un­
certainty allocated to this eruption.
This eruption formed the Mt. Satorius scoria cones along the eruptive fissure (Tanguy, 
1981; Branca and Del Carlo, 2004, 2005; Behncke et al., 2005; Tanguy et al., 2007) 
and it is attributed to sector A of Fig. 3.1.
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September 1869: Excluded. A  9 hour eruption is reported for 26 November 1869 by 
Tanguy (1981), Branca and Del Carlo (2004, 2005) and Behncke et al. (2005). The 
location of this eruption is reported to be on the East flank, close to the base of the 
central crater (Tanguy, 1981; Branca and Del Carlo, 2004, 2005), however, Behncke 
et al. (2005) consider this a summit eruption. Given the close association with the 
summit crater it has been excluded from this study.
August 1874: Excluded An eruption starting on 29 August 1874 is reported by Tanguy 
(1981), Mulargia et al. (1985), Behncke and Ned (2003); Behncke et al. (2005), Branca 
and Del Carlo (2004), Branca and Del Carlo (2005) and Tanguy et al. (2007). Behncke 
and Ned (2003); Behncke et al. (2005) and Branca and Del Carlo (2004, 2005) report 
it ending on 31 August 1874, however, Tanguy (1981) and Tanguy et al. (2007) report 
that it lasted only 7 hours. This would result in a duration uncertainty of > 50 % and 
therefore it is excluded from the analyses of this study.
#27. May 1879. The May 1879 eruption can be separated into two components with 
an eruption on the North flank and an eruption on the South-West flank both beginning 
on 26 May 1879 (Tanguy, 1981; Branca and Del Carlo, 2004, 2005; Behncke et al., 
2005; Tanguy et al., 2007; Chester et al., 2012). The eruption on the South-West flank 
is reported to have ended on 27 May 1879 (Tanguy, 1981; Tanguy et al., 2007), while 
that on the North flank is reported to have ended on either 6 (Tanguy, 1981) or 7 June 
1879 (Branca and Del Carlo, 2004, 2005; Behncke et al., 2005; Tanguy et al., 2007; 
Chester et al., 2012). We use the dates of the North flank eruption in this study as it 
is the principle activity that was ongoing for the entire duration. The end date chosen 
is 7 June 1879 and a duration uncertainty of - 1 day is assigned to account for the 
literature-derived uncertainty.
This eruption is attributed to sector A of Fig. 3.1.
#28. March 1883. For this eruption we use the start date 22 March 1883 reported by
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Tanguy (1981), Mulargia et al. (1985), Branca and Del Carlo (2004, 2005), Behncke 
et al. (2005), Tanguy et al. (2007) and Chester et al. (2012) and the end date 24 March 
1883 reported by Tanguy (1981), Branca and Del Carlo (2004, 2005), Behncke et al. 
(2005) and Tanguy et al. (2007).
The Mt. Leone scoria cone formed during this eruption (Branca and Del Carlo, 2004, 
2005) and it is attributed to sector B of Fig. 3.1.
# 29. May 1886. For this eruption we use the start date 19 May 1886 reported by Tan­
guy (1981), Branca and Del Carlo (2004, 2005), Behncke et al. (2005) and Chester 
et al. (2012) and the end date 7 June 1886 reported by Tanguy (1981), Behncke and 
Neri (2003); Behncke et al. (2005), Branca and Del Carlo (2004, 2005), Tanguy et al. 
(2007) and Chester et al. (2012). Mulargia et al. (1985) and Tanguy et al. (2007) report 
this eruption starting on 18 May 1886, however, Chester et al. (2012) suggest that this 
marked the start of summit activity which preceded the flank eruption and it therefore 
does not need to be accounted for in the duration uncertainty.
This eruption formed the Mt. Gemmellaro scoria cone (Branca and Del Carlo, 2004, 
2005; Behncke et al., 2005; Tanguy et al., 2007) and it is attributed to sector B of Fig.
3.1.
# 30. July 1892. For this eruption we use the start date 9 July 1892 reported by Tanguy 
(1981), Behncke and Neri (2003), Branca and Del Carlo (2004, 2005), Behncke et al. 
(2005), Tanguy et al. (2007) and Chester et al. (2012) and the end date 29 Decem­
ber 1892 reported by Behncke and Neri (2003), Branca and Del Carlo (2004, 2005), 
Behncke et al. (2005) and Tanguy et al. (2007). Mulargia et al. (1985) give the start date 
11 July 1892 and a duration uncertainty of - 2 days is assigned to the eruption start date 
to account for this literature-derived uncertainty. Tanguy (1981) report the end date 28 
December 1892 and Chester et al. (2012) give a duration of 193 days implying the end 
date 18 January 1893. A duration uncertainty of -1 and + 20 days has been assigned to
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the eruption end date to account for this literature-derived uncertainty.
This eruption formed the Mt. Silvestri scoria cones (Branca and Del Carlo, 2004, 
2005; Behncke et al., 2005; Tanguy et al., 2007) and it is attributed to sector B of Fig.
3.1.
# 31. April 1908. For this eruption we use the start date 29 April 1908 and end date 30 
April 1908 reported by Tanguy (1981), Acocella and Neri (2003), Behncke and Neri 
(2003), Branca and Del Carlo (2004, 2005), Andronico and Lodato (2005), Behncke 
et al. (2005), Tanguy et al. (2007) and Neri et al. (2011). Whilst normally these dates 
would give a duration of 1 day, here we use the duration reported in Acocella and Neri 
(2003), Andronico and Lodato (2005), Behncke et al. (2005) and Neri et al. (2011) of 
0.75 days (18 hours).
This eruption is attributed to sector B of Fig. 3.1.
#32. March 1910. For this eruption we use the start date 23 March 1910 reported by 
Tanguy (1981), Mulargia et al. (1985), Acocella and Neri (2003), Behncke and Neri 
(2003), Branca and Del Carlo (2004, 2005), Andronico and Lodato (2005), Behncke 
et al. (2005), Tanguy et al. (2007) and Neri et al. (2011) and the end date 18 April 
1910 reported by Tanguy (1981), Acocella and Neri (2003), Behncke and Neri (2003) 
Branca and Del Carlo (2004, 2005), Andronico and Lodato (2005), Behncke et al. 
(2005), Tanguy et al. (2007) and Neri et al. (2011).
The eruption formed the Ricco scoria cones (Branca and Del Carlo, 2004,2005; Behncke 
et al., 2005; Tanguy et al., 2007; Neri et al., 2011) and it is attributed to sector B of 
Fig. 3.1.
#33. September 1911. For this eruption we use the start date 10 September 1911 re­
ported by Tanguy (1981), Acocella and Neri (2003), Behncke and Neri (2003), Branca 
and Del Carlo (2004, 2005), Andronico and Lodato (2005), Behncke et al. (2005),
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Tanguy et al. (2007), Neri et al. (2011) and Chester et al. (2012) and the end date 
22 September 1911 reported by Acocella and Neri (2003), Behncke and Neri (2003), 
Andronico and Lodato (2005), Behncke et al. (2005) and Neri et al. (2011). Mula­
rgia et al. (1985) report the start date 9 September 1911 and a duration uncertainty of 
+ 1 day is assigned to the start date to account for this literature-derived uncertainty. 
Tanguy (1981) and Tanguy et al. (2007) report the end date 21 September 1911 while 
Branca and Del Carlo (2004, 2005) report 23 September 1911 and a duration uncer­
tainty of + 1 days and - 1 day is assigned to the eruption end date to account for this 
literature-derived uncertainty.
The vent location for this eruption is a long fracture system on the NE rift zone (Branca 
and Del Carlo, 2004, 2005) and it is attributed to sector A of Fig. 3.1.
November 1918: Excluded. An eruption is reported starting on either 29 November 
1918 (Tanguy, 1981; Mulargia et al., 1985; Tanguy et al., 2007) or 30 November 1918 
(Acocella and Neri, 2003; Behncke and Neri, 2003; Branca and Del Carlo, 2004,2005; 
Andronico and Lodato, 2005; Behncke et al., 2005; Neri et al., 2011) and ending on 
1 December 1918 (Acocella and Neri, 2003; Branca and Del Carlo, 2004, 2005; An­
dronico and Lodato, 2005; Behncke et al., 2005; Neri et al., 2011). Tanguy (1981) 
and Tanguy et al. (2007) state that the eruption occurred during poor weather condi­
tions and that it was not actually observed. Due to these uncertainties the eruption is 
excluded from the analyses within this study.
#34. June 1923. For this eruption we use the start date 17 June 1923 reported by Tan­
guy (1981), Acocella and Neri (2003), Behncke and Neri (2003), Branca and Del 
Carlo (2004,2005), Andronico and Lodato (2005), Behncke et al. (2005), Tanguy et al. 
(2007) and Neri et al. (2011) and the end date 18 July 1923 reported by Tanguy (1981), 
Acocella and Neri (2003), Behncke and Neri (2003), Branca and Del Carlo (2004, 
2005), Andronico and Lodato (2005), Behncke et al. (2005), Tanguy et al. (2007), 
Neri et al. (2011) and Chester et al. (2012). Mulargia et al. (1985) report this eruption
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starting on 16 June 1923 and Chester et al. (2012) states that "on June 16 the eruption 
started early on June 17". A duration uncertainty of + 1 day is assigned to account for 
this confusion and literature-derived uncertainty.
This eruption was from several vents along the NE rift zone (Branca and Del Carlo,
2004) and it is attributed to sector A of Fig. 3.1.
# 35. November 1928. For this eruption we use the start date of 2 November 1928 and 
the end date 20 November 1928 reported by Tanguy (1981), Chester et al. (1999), 
Acocella and Neri (2003), Behncke and Neri (2003), Branca and Del Carlo (2004,
2005), Andronico and Lodato (2005), Behncke et al. (2005), Tanguy et al. (2007) and 
Neri et al. (2011). Mulargia et al. (1985) report two eruptions at this time, starting on 
3 and 4 November 1928. It is probable that this reflects eruptions at different vent sites 
and are therefore not considered separately here. The earliest start date is one day later 
than that reported by other sources and therefore a duration uncertainty of - 1 day is 
assigned to account for this literature-derived uncertainty.
There are three vent locations for this eruption, a small lava flow in the Valle del Leone, 
followed by two fissures at a higher altitude on the NE flank (Branca and Del Carlo, 
2004, 2005) and it is attributed to sector A of Fig. 3.1.
# 36. June 1942. A short eruption on 30 June 1842 is reported by Tanguy (1981), Aco­
cella and Neri (2003), Behncke and Neri (2003), Branca and Del Carlo (2004, 2005), 
Andronico and Lodato (2005), Behncke et al. (2005), Tanguy et al. (2007) and Ned 
et al. (2011). The duration of this eruption is reported by Acocella and Neri (2003), 
Andronico and Lodato (2005) and Neri et al. (2011) as 0.54 days which is the duration 
used in this study. Mulargia et al. (1985) report the same start date and a duration of 2 
days, however, this could be a calculation issue and it is therefore not accounted for in 
the assigned uncertainty.
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This eruption is attributed to sector B of Fig. 3.1.
#37. February 1947. For this eruption we use the start date 24 February 1947 and 
the end date 10 March 1947 reported by Tanguy (1981), Acocella and Neri (2003), 
Behncke and Neri (2003), Branca and Del Carlo (2004, 2005), Andronico and Lodato 
(2005), Behncke et al. (2005), Tanguy et al. (2007) and Neri et al. (2011). Mulargia 
et al. (1985) report this eruption as starting on 21 February 1947 and a duration uncer­
tainty of + 3 days is assigned to account for this literature derived uncertainty.
This eruption is attributed to sector A of Fig. 3.1.
December 1949: Excluded. An eruption is reported starting on either the 1 (Tanguy 
et al., 2007) or 2 December 1949 (Tanguy, 1981; Mulargia et al., 1985; Acocella and 
Neri, 2003; Behncke and Neri, 2003; Branca and Del Carlo, 2004, 2005; Andronico 
and Lodato, 2005; Behncke et al., 2005; Neri et al., 2011) and ending on either 4 
(Tanguy, 1981; Behncke and Neri, 2003; Tanguy et al., 2007) or 5 December 1949 
(Acocella and Neri, 2003; Andronico and Lodato, 2005; Behncke et al., 2005; Neri 
et al., 2011). If the shortest eruption duration is considered (2-4 December 1949) then 
the duration uncertainty associated with it would be > 50 %. Although it could be 
argued that using alternative dates results in an acceptable duration uncertainty, the 
range of possible dates and the short duration of this eruption has led us to exclude it 
from this analysis.
# 38. November 1950. For this eruption we use the start date 25 November 1950 re­
ported by Tanguy (1981), Mulargia et al. (1985), Acocella and Neri (2003), Behncke 
and Neri (2003), Branca and Del Carlo (2004, 2005), Behncke et al. (2005), Andron­
ico and Lodato (2005), Tanguy et al. (2007) and Neri et al. (2011) and the end date 
2 December 1951 reported by Tanguy (1981), Behncke and Neri (2003), Branca and 
Del Carlo (2004, 2005) and Tanguy et al. (2007). The duration given by Mulargia 
et al. (1985) supports this end date. Acocella and Neri (2003), Andronico and Lodato
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(2005), Behncke et al. (2005) and Neri et al. (2011) report the end date 1 Decem­
ber 1951 and a duration uncertainty of - 1 day has been assigned to account for this 
literature-derived uncertainty.
This eruption is attributed to sector A of Fig. 3.1.
# 39. March 1956. For this eruption we use the start date 1 March 1956 and end date 2 
March 1956 as reported by Tanguy (1981), Branca and Del Carlo (2004,2005) and An­
dronico and Lodato (2005). This eruption coincided with a period of summit activity 
and Acocella and Neri (2003), Behncke and Neri (2003) and Neri et al. (2011) report 
this eruption with a longer duration due to this addition summit component.
This eruption is attributed to sector A of Fig. 3.1.
#40. February 1964. For this eruption we use the start date 1 February 1964 reported 
by Tanguy (1981), Branca and Del Carlo (2004,2005). They report the eruption ending 
at the end of February 1984 and this is treated according to the ‘late month’ category 
of Table 2.1. This flank eruption coincided with a period of longer summit activity 
and the end date reported in Acocella and Neri (2003), Andronico and Lodato (2005), 
Behncke and Neri (2003) and Neri et al. (2011) include this summit component and 
the discrepancy is not accounted for in the duration uncertainty allocated here.
This eruption is attributed to sector A of Fig. 3.1.
# 41. January 1968. For this eruption we use the start date 7 January 1968 reported 
by Tanguy (1981), Acocella and Neri (2003), Branca and Del Carlo (2004, 2005), 
Andronico and Lodato (2005), Behncke et al. (2005) and Neri et al. (2011) and the 
end date 4 May 1968 reported by Tanguy (1981), Branca and Del Carlo (2004, 2005), 
Andronico and Lodato (2005), Behncke et al. (2005) and Neri et al. (2011). Acocella 
and Neri (2003) report a longer duration for this eruption, however, they also include 
summit activity in their entry and it is probably this which continued into June and
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a duration uncertainty has not been allocated. It is worth noting that this eruption is 
missing from the catalogue within Tanguy et al. (2007), however this is possibly an 
oversight on their part with the eruption being included within the earlier catalogue of 
Tanguy (1981).
This eruption is attributed to sector B of Fig. 3.1.
June 1968: Excluded. An eruption is reported starting on 9 June 1968 (Tanguy, 1981; 
Branca and Del Carlo, 2004,2005) and ending on 15 July 1968 (Branca and Del Carlo, 
2004, 2005). This eruption led to the formation of the Bocca Nuova summit crater and 
is therefore best described as a summit eruption so is excluded from this study.
#42. April 1971. For this eruption we use the start date 5 April 1971 and end date 12 
June 1971 reported by Le Guem (1972), Tanguy et al. (1973), Wadge (1976), Tanguy 
(1981), Wadge and Guest (1981), Acocella and Neri (2003), Behncke and Neri (2003) 
Branca and Del Carlo (2004, 2005), Andronico and Lodato (2005), Behncke et al. 
(2005), Tanguy et al. (2007) and Neri et al. (2011).
There were several vents active during this eruption many of which were within the 
Valle del Bove and this eruption is attributed to sector A of Fig. 3.1.
#43. January 1974. For this eruption we use the start date 30 January 1974 reported by 
Guerra et al. (1976), Tanguy (1981), Mulargia et al. (1985), Acocella and Neri (2003), 
Branca and Del Carlo (2004, 2005), Andronico and Lodato (2005), Behncke et al. 
(2005), Tanguy et al. (2007) and Neri et al. (2011) and the end date 17 February 1974 
reported by Guerra et al. (1976), Tanguy (1981), Acocella and Neri (2003); Andronico 
and Lodato (2005), Behncke et al. (2005), Tanguy et al. (2007) and Neri et al. (2011). 
Branca and Del Carlo (2004, 2005) report the eruption ending on 18 February 1974 
and a + 1 day duration uncertainty is assigned to account for this literature-derived 
uncertainty.
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The Mt. De Foire I scoria cone formed during this eruption and it is attributed to sector 
C of Fig. 3.1.
#44. March 1974. For this eruption we use the start date 11 March 1974 reported by 
Guerra et al. (1976), Tanguy (1981), Mulargia et al. (1985), Acocella and Neri (2003), 
Branca and Del Carlo (2004, 2005), Andronico and Lodato (2005), Behncke et al. 
(2005), Tanguy et al. (2007) and Neri et al. (2011) and the end date 29 March 1974 
reported by Guerra et al. (1976), Tanguy (1981), Acocella and Neri (2003), Branca and 
Del Carlo (2004, 2005), Andronico and Lodato (2005), Behncke et al. (2005), Tanguy 
et al. (2007) and Neri et al. (2011). The duration given Mulargia et al. (1985) supports 
this end date.
The Mt. De Foire II scorio cone formed during this eruption and it is attributed to 
sector C of Fig. 3.1.
# 45. February 1975. For this eruption we use the start date 24 February 1975 reported 
by Pinkerton and Sparks (1976), Tanguy (1981), Acocella and Neri (2003), Branca and 
Del Carlo (2004, 2005), Andronico and Lodato (2005), Behncke et al. (2005) and Neri 
et al. (2011) and the end date 29 August 1975 reported by Acocella and Neri (2003), 
Branca and Del Carlo (2004, 2005), Andronico and Lodato (2005), Behncke et al. 
(2005), Branca and Del Carlo (2005), Neri et al. (2011). It has been suggested that the 
eruption ended on 12 September (J. Murray pers.comm.) and a duration uncertainty of 
+ 14 days is assigned to account for this literature-derived uncertainty.
The eruption produced a series of homitos within the N rift zone (Behncke et al., 2005) 
and it is attributed to sector A of Fig. 3.1.
#46. November 1975. For this eruption we use the start date 29 November 1975 re­
ported by Tanguy (1981), Acocella and Neri (2003), Branca and Del Carlo (2004,
2005), Andronico and Lodato (2005), Behncke et al. (2005) and Neri et al. (2011) and
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the end date 8 January 1977 reported by Acocella and Neri (2003), Branca and Del 
Carlo (2004, 2005), Andronico and Lodato (2005), Behncke et al. (2005) and Neri 
et al. (2011).
The Mt. Cumin scoria cone was formed during this eruption (Branca and Del Carlo, 
2004, 2005) and it is attributed to sector A of Fig. 3.1.
#47. April 1978. For this eruption we use the start date 29 April 1978 reported by 
Tanguy (1981), Mulargia et al. (1985), Acocella and Neri (2003), Behncke and Neri 
(2003), Branca and Del Carlo (2004,2005), Andronico and Lodato (2005), Branca and 
Del Carlo (2005), Tanguy et al. (2007) and Neri et al. (2011) and the end date 5 June 
1978 reported by Acocella and Neri (2003), Behncke and Neri (2003), Branca and Del 
Carlo (2004,2005), Andronico and Lodato (2005), Behncke et al. (2005), Tanguy et al. 
(2007) and Neri et al. (2011). The duration given by Mulargia et al. (1985) supports 
this end date.
This eruption is attributed to sector B of Fig. 3.1.
#48. August 1978. For this eruption we use the start date 24 August 1978 reported 
by Mulargia et al. (1985), Behncke and Neri (2003) and Branca and Del Carlo (2004,
2005) and the end date 30 August 1978 reported by Acocella and Neri (2003), Behncke 
and Neri (2003), Branca and Del Carlo (2004, 2005), Andronico and Lodato (2005), 
Behncke et al. (2005) and Neri et al. (2011). Tanguy et al. (2007) and Neri et al. (2011) 
report the start date 23 August 1978 while Acocella and Neri (2003) and Behncke et al. 
(2005) report 25 August 1978. A i l  day duration uncertainty is assigned to the start 
date to account for this literature-derived uncertainty. Tanguy et al. (2007) report the 
end date 29 August and a duration uncertainty of - 1 day is assigned to the end date to 
account for this literature-derived uncertainty.
This eruption is attributed to sector B of Fig. 3.1.
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#49. November 1978. For this eruption we use the start date 18 November 1978 re­
ported by Mulargia et al. (1985), Behncke and Neri (2003) and Branca and Del Carlo 
(2004, 2005) and the end date 30 November 1978 reported by Acocella and Neri 
(2003), Branca and Del Carlo (2004, 2005), Andronico and Lodato (2005), Behncke 
et al. (2005) and Neri et al. (2011). Acocella and Neri (2003), Andronico and Lodato 
(2005), Behncke et al. (2005), Tanguy et al. (2007) and Neri et al. (2011) report the 
start date 23 November 1978, however, The Smithsonian Institution’s monthly report 
(SEAN 03:11) indicates that this was when the eruption became more pronounced. 
Despite this a duration uncertainty of - 5 days has been assigned to the start date to 
account for this literature-derived uncertainty. Behncke et al. (2005) and Tanguy et al. 
(2007) report the eruption end date 29 November 1978 and a duration uncertainty of -1 
day is assigned to the end date to account for this literature-derived uncertainty.
This eruption is attributed to sector B of Fig. 3.1.
#50. August 1979. For this eruption we have used the start 3 August 1979 and end 
date 9 August 1979 reported by Tanguy (1981), Acocella and Neri (2003), Behncke 
and Neri (2003), Branca and Del Carlo (2004, 2005), Andronico and Lodato (2005), 
Behncke et al. (2005) Tanguy et al. (2007) and Neri et al. (2011).
This eruption is attributed to sector A of Fig. 3.1.
#51. March 1981. For this eruption we have used the start date 17 March 1981 re­
ported by Acocella and Neri (2003), Behncke and Neri (2003) Branca and Del Carlo 
(2004, 2005), Andronico and Lodato (2005), Behncke et al. (2005), Tanguy et al. 
(2007) and Neri et al. (2011) and the end date 23 March 1981 reported by Acocella and 
Neri (2003), Behncke and Neri (2003), Branca and Del Carlo (2004,2005), Andronico 
and Lodato (2005), Behncke et al. (2005) and Neri et al. (2011). Tanguy et al. (2007) 
report the end date 22 March 1981 and a duration uncertainty of -1 day is assigned to 
account for this literature-derived uncertainty.
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This eruption was from a long eruptive fissure on the volcano’s N flank and it is at­
tributed to sector A of Fig. 3.1.
#52. March 1983. For this eruption we have used the start date 28 March 1983 and end 
date 6 August 1983 reported by Acocella and Neri (2003), Behncke and Neri (2003), 
Branca and Del Carlo (2004, 2005), Andronico and Lodato (2005), Behncke et al. 
(2005), Tanguy et al. (2007) and Neri et al. (2011).
Reports indicate that this eruption was on the S-rift zone and it is attributed to sector B 
of Fig. 3.1.
# 53. March 1985. For this eruption we use the start date 10 March 1985 reported 
by Acocella and Neri (2003), Andronico and Lodato (2005), Behncke et al. (2005), 
Tanguy et al. (2007) and Neri et al. (2011) and the end date 13 July 1985 reported by 
Acocella and Neri (2003), Branca and Del Carlo (2004, 2005), Andronico and Lodato
(2005), Behncke et al. (2005), Tanguy et al. (2007) and Neri et al. (2011). Branca and 
Del Carlo (2004, 2005) report the start date 12 March 1985 and a duration uncertainty 
of - 2 days is assigned to account for this literature-derived uncertainty.
This eruption affected the same area as the 1983 eruption (Tanguy et al., 2007) and it 
is therefore attributed to sector B of Fig. 3.1.
# 54. December 1985. For this eruption we use the start date 25 December 1985 and 
end date 31 December 1985 reported by Harris et al. (2000), Acocella and Neri (2003), 
Andronico and Lodato (2005), Behncke et al. (2005), Branca and Del Carlo (2005), 
Tanguy et al. (2007) and Neri et al. (2011). Branca and Del Carlo (2004) report this 
eruption into two phases (25 December 1985 and 28-31 December 1985). These are 
separated by < 10 days and therefore are not treated separately in this study.
This eruption is attributed to sector B of Fig. 3.1.
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#55. October 1986. For this eruption we use the start date 30 October 1986 reported 
by Acocella and Neri (2003), Behncke and Neri (2003) Branca and Del Carlo (2004, 
2005), Andronico and Lodato (2005), Behncke et al. (2005), Tanguy et al. (2007) and 
Neri et al. (2011) and the end date 1 March 1987 reported by Acocella and Neri (2003), 
Branca and Del Carlo (2004, 2005), Andronico and Lodato (2005), Behncke et al. 
(2005) and Neri et al. (2011). Tanguy et al. (2007) report the end date 25 February 
1987 and Behncke and Neri (2003) report 27 February 1987 and a - 4 day duration 
uncertainty is assigned to account for this literature-derived uncertainty.
This eruption is attributed to sector A of Fig. 3.1.
#56. September 1989. For this eruption we use the start date 27 September 1989 re­
ported by Behncke and Neri (2003), Branca and Del Carlo (2004,2005), Behncke et al. 
(2005), Tanguy et al. (2007) and Neri et al. (2011) and the end date 9 October 1989 
as reported by Acocella and Neri (2003), Behncke and Neri (2003), Branca and Del 
Carlo (2004,2005), Andronico and Lodato (2005), Behncke et al. (2005), Tanguy et al. 
(2007) and Neri et al. (2011). Acocella and Neri (2003) and Andronico and Lodato 
(2005) report the start date 11 September 1989, however, The Smithsonian Institu­
tion’s monthly report (SEAN 14:09) indicates that this early activity is most probably 
related to the summit SE crater and therefore this earlier start date is not accounted for 
in the duration uncertainty of this eruption.
This eruption is attributed to sector A of Fig. 3.1.
# 57. December 1991. For this eruption we use the start date 14 December 1991 re­
ported by Acocella and Neri (2003), Behncke and Neri (2003), Branca and Del Carlo 
(2004, 2005), Andronico and Lodato (2005), Behncke et al. (2005), Tanguy et al. 
(2007) and Neri et al. (2011) and the end date 31 March 1993 reported by Acocella 
and Neri (2003), Branca and Del Carlo (2004, 2005), Andronico and Lodato (2005), 
Behncke et al. (2005), Tanguy et al. (2007) and Neri et al. (2011). Behncke and Neri
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(2003) report the end date 30 March 1993 and a duration uncertainty of - 1 day is 
assigned to account for this literature-derived uncertainty.
This eruption is attributed to sector B of Fig. 3.1.
February 1999: Excluded. Although some flank activity is suggested during the sum­
mit eruption of 1999, it is described as being down slope of the central SE crater (Tan­
guy et al., 2007) and is therefore most probably a summit eruption. For this reason it 
is excluded from this study.
#58. July 2001. For this eruption we use the start date 17 July 2001 and end date 
9 August 2001 reported by Harris et al. (2000), Acocella and Neri (2003), Branca 
and Del Carlo (2004, 2005), Coltelli et al. (2007), Tanguy et al. (2007), Corsaro and 
Miraglia (2009) and Neri et al. (2011).
Two eruptions with the same durations occurred at different locations during this erup­
tion (Valle del Leone and South flank) (Behncke et al., 2005). Here we use the S flank 
eruption for the location due to its larger volume of lava and tephra (Neri et al., 2011) 
and therefore it is attributed to sector B of Fig. 3.1.
#59. October 2002. Previous catalogues report two separate eruptions both starting on 
27 October 2002 then ending on 3 November 2002 and 28 January 2003 respectively 
(Branca and Del Carlo, 2004, 2005; Behncke et al., 2005; Tanguy et al., 2007; Neri 
et al., 2011). These eruptions overlap and therefore we use the start date 27 October 
2002 and end date 28 January 2003. Corsaro and Miraglia (2009) report the first erup­
tions starting on 26 October 2002 and a duration uncertainty of +1 day is assigned to 
the eruption start date to account for this literature-derived uncertainty.
The location of these two phases of activity are the North-North-East and South flanks. 
The South flank activity was on-going throughout the time period used in this study 
and therefore the eruption is attributed to sector B of Fig. 3.1.
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# 60 September 2004. For this eruption we use the start date 7 September 2004 as re­
ported by Behncke et al. (2005), Burton et al. (2005), Neri and Acocella (2006), Cor­
saro and Miraglia (2009) and Neri et al. (2011) and the end date 8 March 2005 as re­
ported by Behncke et al. (2005) Neri and Acocella (2006), and Neri et al. (2011).
Based on the information within Corsaro and Miraglia (2009) this eruption is attributed 
to sector B of Fig. 3.1.
July 2006: Excluded. An eruption between 14 and 24 July 2006 is reported by Neri 
and Acocella (2006), Behncke et al. (2009) and Neri et al. (201 l).Behncke et al. (2009) 
describe this eruption as summit activity and therefore it is excluded from the analyses 
of this study.
#61. October 2006. For this eruption we use the start date 13 October 2006 and end 
date 15 December 2006 as reported by Behncke et al. (2009).
The vent location for this eruption is identified based on the descriptions and maps 
within Behncke et al. (2009) and it is attributed to sector B of Fig. 3.1.
# 62. May 2008. For this eruption we use the start date 13 May 2008 and end date 6 
July 2009 as reported by Branca et al. (2008) and Bonaccorso et al. (201 lb,a). The 
Smithsonian Institution’s monthly report (BGVN 36:05) indicate that the end of this 
eruption may have been 4 July 2009 and a duration uncertainty of - 2 days is assigned 
to account for this literature-derived uncertainty.
The vent location for this eruption is identified based on the descriptions and maps 
within Behncke et al. (2009) and it is attributed to sector B of Fig. 3.1.
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Appendix B 
Additional information regarding the 
Kilauea dataset
The following section contains information about the reported start dates, end dates 
and eruption durations of historical eruptions from Kilauea, Hawaii. The Smithsonian 
Institution’s Global Volcanism Program first reports historical records of volcanic ac­
tivity in 1750 (Siebert et al., 2010; Venzke et al., 2013), and this is used as the starting 
point for the Kilauea dataset compiled for this study. The dataset ends with the onset 
of the Pu’u’O’o - Kupaianaha eruption in January 1983 (Heliker and Mattox, 2003), 
which was still continuing on 19 July 2013 (Venzke et al., 2013).
For each eruption, any discrepancies in the reported dates are discussed and the dura­
tion uncertainty assigned in this study explained. Each section is prefixed by its start 
date and source location where S = summit (Kilauea caldera or Halemaumau crater), 
ERZ = east rift zone and SWRZ = south west rift zone. A summary of this information 
is included within Table B.l. Eruptions with numbers in the first column are those 
with reliable eruption durations and correspond with the eruption numbers reported in 
Table 3.2.
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Table B.l: Table containing the 53 historic eruptions reported for Kilauea in the period 
1750-1983
Preferred Date Duration U/C
# Location Start Year Start End Duration + -
ERZ 1750 01-07-1750 182.5 182.5
ERZ 1790 01-07-1790 182.5 182.5
S 1790 15-11-1790 15 15
S 1820 01-07-1820 182.5 182.5
SWRZ 1823 15-02-1823 15-07-1823 150 30 30
1 S 1823 01-07-1823 01-07-1924 36890 365 365
2 ERZ 1840 30-05-1840 25-06-1840 26 1 1
SWRZ 1868 02-04-1868 0.5 0.5
ERZ 1877 21-05-1877 0.5 0.5
3 ERZ 1884 22-01-1884 23-01-1884 1 1 1
4 SWRZ 1919 15-12-1919 15-07-1920 213 15.5 21
5 ERZ 1922 28-05-1922 30-05-1922 2 1 1
ERZ 1923 25-08-1923 01-09-1923 7 1 6.5
6 S 1927 07-07-1927 20-07-1927 13 1 1
7 S 1929 20-02-1929 22-02-1929 2 1 1.5
8 S 1929 25-07-1929 28-07-1929 3 1.5 1
9 S 1930 19-11-1930 07-12-1930 18 1.5 1
10 S 1931 23-12-1931 05-01-1932 13 1.5 1
11 S 1934 06-09-1934 07-10-1934 31 2.5 1
12 S 1952 27-06-1952 10-11-1952 136 1 1
13 S 1954 31-05-1954 03-06-1954 3 1 1
14 ERZ 1955 28-02-1955 07-04-1955 38 1.5 1
15 ERZ 1955 24-04-1955 26-05-1955 32 1 1
16 ERZ 1959 14-11-1959 20-12-1959 36 1 1
17 ERZ 1960 14-01-1960 19-02-1960 36 1 1.5
18 S 1961 24-02-1961 25-03-1961 29 1 1
19 s 1961 10-07-1961 17-07-1961 7 1 1
20 ERZ 1961 22-09-1961 25-09-1961 3 1 1
21 ERZ 1962 07-12-1962 09-12-1962 2 1 1
22 ERZ 1963 21-08-1963 23-08-1963 2 1 1
Continued on next page...
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Table B.l -  Continued
# Location Start Year
Preferred Date
Duration
Duration U/C
Start End + -
23 ERZ 1963 05-10-1963 06-10-1963 1 1 1
24 ERZ 1965 05-03-1965 15-03-1965 10 1 1
25 ERZ 1965 24-12-1965 25-12-1965 0.25 0.04 0.04
26 S 1967 05-11-1967 13-07-1968 251 1 1
27 ERZ 1968 22-08-1968 26-08-1968 4 1 1
28 ERZ 1968 07-10-1968 22-10-1968 15 1 1
29 ERZ 1969 22-02-1969 28-02-1969 6 2.5 1
30 ERZ 1969 24-05-1969 15-10-1971 874 1 1
31 S 1971 14-08-1971 14-08-1971 0.4 0.04 0.04
32 S 1971 24-09-1971 29-09-1971 5 1 1
33 ERZ 1972 05-02-1972 22-07-1974 900 5.5 5.5
34 S 1974 19-07-1974 22-07-1974 3 1 1
35 ERZ 1974 19-09-1974 22-09-1974 3 0.5 0.5
36 SWRZ 1974 31-12-1974 31-12-1974 0.25 0.04 0.04
37 S 1975 29-11-1975 29-11-1975 0.7 0.04 0.04
38 ERZ 1977 13-09-1977 01-10-1977 18 2 1
39 ERZ 1979 16-11-1979 17-11-1979 0.9 0.04 0.04
ERZ 1980 11-03-1980
40 S 1982 30-04-1982 01-05-1982 0.9 0.04 0.04
41 S 1982 25-09-1982 26-09-1982 0.6 0.04 0.04
ERZ 1983 03-01-1983 Continuing
U/C = uncertainty. Units: durations and duration uncertainties = days.
ERZ: 1750. Peterson and Moore (1987) report this eruption as starting in the year 1750 
and it is treated according to the ‘nearest year’ category of Table 2.1, however, the end 
date of this eruption is unknown.
ERZ: 1790. Peterson and Moore (1987) report this eruption as starting in the year 1790 
and it is treated according to the ‘nearest year’ category of Table 2.1, however, the end 
date of this eruption is unknown.
333
APPENDIX B. KILAUEA ERUPTIONS
S: 1790. Peterson and Moore (1987) report this eruption as starting in November 1790 
and it is treated according to the ‘nearest month’ category of Table 2.1, however, the 
end date of this eruption is unknown.
S: 1820. The Smithsonian Institution’s Global Volcanism Program (Siebert et al., 2010; 
Venzke et al., 2013) reports this eruption as starting in the year 1820 and it is treated 
according to the ‘nearest year’ category of Table 2.1, however, the end date of this 
eruption is unknown.
SWRZ: February 1823. The Smithsonian Institution’s Global Volcanism Program (Siebert 
et al., 2010; Venzke et al., 2013) reports this eruption as starting in February 1823 
and ending in July 1823. Both of these dates are treated according to the ‘nearest 
month’ category of table 2.1, however, alternative sources for these dates have not 
been found.
S: #1. August 1823 A  sustained summit eruption dominated by lava lake activity is 
reported starting in 1823 and ending in 1924 (Dzurisin et al., 1984; Holcomb, 1987; 
Peterson and Moore, 1987). Both dates are treated according to the ‘nearest year’ 
category of Table 2.1.
ERZ: #2. May 1840 For this eruption we use the start date 30 May 1840 and end date 
26 June 1840 reported by Wadge (1981) and Peterson and Moore (1987).
SWRZ: April 1868 Two eruptions are reported by Peterson and Moore (1987) as start­
ing on 2 April 1868. Here we include this as one event, however, their end dates are 
unknown.
ERZ: May 1877 This eruption is reported by Peterson and Moore (1987) as starting on 
21 May 1877, however, the end date of this eruption is unknown.
ERZ: #3 January 1884 A  one day eruption is reported by Peterson and Moore (1987)
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as starting on 22 January 1884. The eruption is therefore reported here with an end 
date of 23 January 1984.
SWRZ: #4. December 1919 For this eruption we use the start date 15 December 1919 
reported by Peterson and Moore (1987). Wadge (1981) and Klein (1982) report this 
eruption starting on 21 December 1919 a duration uncertainty of - 6 days is assigned to 
the eruption start date to account for this literature-derived uncertainty. The duration 
of this eruption is reported as either 221 (Wadge, 1981) or 222 (Klein, 1982; Peterson 
and Moore, 1987) days, which depending on the start date used results in different end 
dates within July 1920. Here we treat the end date of this eruption according to the 
‘nearest month’ category of Table 2.1.
ERZ: #5. May 1922 For this eruption we use the start date 28 May 1922 reported by 
Klein (1982) and Peterson and Moore (1987). These references report the eruption as 
lasting for 2 days, resulting in the end date 30 May 1922.
ERZ: August 1923 Both Klein (1982) and Peterson and Moore (1987) report this erup­
tion as starting on 25 August 1923, however, each report a different eruption duration 
(1 and 7 days respectively). This results in a duration uncertainty > 50 % of the pre­
ferred eruption duration and therefore the eruption is excluded from this study.
S: #6. July 1927 For this eruption we use the start date 7 July 1927 reported by Wadge
(1981), Klein (1982), Fiske et al. (1987) and Peterson and Moore (1987) and the end 
date 20 July 1927 reported by Wadge (1981) and Fiske et al. (1987). The durations 
given by Klein (1982) and Peterson and Moore (1987) also support this end date.
S: #7. February 1929 For this eruption we use the start date 20 February 1929 reported 
by Wadge (1981), Klein (1982), Fiske et al. (1987) and Peterson and Moore (1987). 
Some uncertainty surrounds the end date of this eruption. Fiske et al. (1987) suggest 
that the fire fountaining of this eruption ended on 21 February 1929 and that Hale-
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maumau crater appeared clear on 22 February 1929. This implies that the eruption 
probably ended on 21 February 1929 and is in accordance with Wadge (1981), how­
ever, eruptive activity may have been continuing after the fire fountaining ended. To 
be conservative we use the end date 22 February 1929 resulting in a 2 day eruption 
duration (also reported by Klein (1982) and Peterson and Moore (1987)) and assign a 
duration uncertainty of -1 day to the eruption end date to account for this literature- 
derived uncertainty.
S: #8. July 1929 For this eruption we use the start date 25 July 1929 reported by Wadge
(1981), Klein (1982), Fiske et al. (1987) and Peterson and Moore (1987) and the end 
date 28 July 1929 reported by Wadge (1981) and Fiske et al. (1987). Klein (1982) and 
Peterson and Moore (1987) report a duration of 4 days which results in an end date of 
29 July 1929 and a duration uncertainty of+1 days is assigned to the eruption end date 
to account for this literature-derived uncertainty.
S: #9. November 1930 For this eruption we use the start date 19 November 1930 re­
ported by Wadge (1981), Klein (1982), Fiske et al. (1987) and Peterson and Moore 
(1987) and the end date 7 December 1930 reported by Wadge (1981) and Fiske et al. 
(1987). Klein (1982) and Peterson and Moore (1987) report a duration of 19 days 
which results in an end date of 8 December 1930. Interestingly, Wadge (1981) also 
reports a duration of 19 days indicating that the varying dates here are most probably a 
calculation issue, however, a duration uncertainty of +1 days has been assigned to the 
eruption end date to account for the possible literature-derived uncertainty.
iS: #10. December 1931 For this eruption we use the start date 23 December 1931 re­
ported by Wadge (1981), Klein (1982), Fiske et al. (1987) and Peterson and Moore 
(1987) and the end date 5 January 1932 reported by Wadge (1981) and Fiske et al. 
(1987). Klein (1982) and Peterson and Moore (1987) report a duration of 14 days 
which results in an end date of 6 January 1932 and a duration uncertainty of +1 
days is assigned to the eruption end date to account for this literature-derived uncer­
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tainty.
S: #11. September 1934 For this eruption we use the start date 6 September 1934 re­
ported by Wadge (1981), Klein (1982), Fiske et al. (1987) and Peterson and Moore 
(1987) and the end date 7 October 1934 reported by Wadge (1981) and Fiske et al. 
(1987). Klein (1982) and Peterson and Moore (1987) report a duration of 33 days 
which results in an end date of 9 October 1934. Interestingly, Wadge (1981) also re­
ports a duration of 33 days indicating that the varying dates here are most probably a 
calculation issue. Fiske et al. (1987) state that lava was last seen moving on 7 Octo­
ber 1934, but that the eruption ended on either 8 or 9 October 1934. Here a duration 
uncertainty of + 2 days has been assigned to the eruption end date to account for this 
literature-derived uncertainty.
S: #12. June 1952 For this eruption we use the start date 27 June 1952 reported by 
Wadge (1981), Klein (1982), Fiske et al. (1987) and Peterson and Moore (1987) and 
the end date 10 November 1952 reported by Wadge (1981) and Fiske et al. (1987). The 
durations given by Klein (1982) and Peterson and Moore (1987) also support this end 
date.
S: #13. May 1954 For this eruption we use the start date 31 May 1954 reported by 
Macdonald and Eaton (1957), Wadge (1981), Klein (1982), Fiske et al. (1987) and 
Peterson and Moore (1987) and the end date 3 June 1954 reported by Macdonald and 
Eaton (1957), Wadge (1981) and Fiske et al. (1987). The durations given by Klein 
(1982) and Peterson and Moore (1987) also support this end date.
ERZ: #14. February 1955 For this eruption we use the start date 28 February 1955 re­
ported by Wadge (1981), Klein (1982), Fiske et al. (1987) and Peterson and Moore 
(1987) and the end date 7 April 1955 reported by Wadge (1981). Tilling et al. (1987) 
report this eruption as ending on the 8 April 1955 and a duration uncertainty of +1 
days is assigned to the eruption end date to account for this literature-derived uncer­
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tainty.
ERZ: #15. April 1955 For this eruption we use the start date 24 April 1955 and the end 
date 26 May 1955 reported by Wadge (1981) and Fiske et al. (1987).
S: #16. November 1959 For this eruption we use the start date 14 November 1959 re­
ported by Macdonald (1962), Richter et al. (1970), Wadge (1981), Klein (1982) and 
Peterson and Moore (1987) and the end date 20 December 1959 reported by Mac­
donald (1962), Richter et al. (1970), Wadge (1981). The durations given by Klein 
(1982) and Peterson and Moore (1987) also support this end date. The duration re­
ported within Wadge (1981) is only 14 days, however, the periods of repose between 
the eruptive phases of this eruption are all < 10 days and are not taken into account in 
this study (Richter et al., 1970).
ERZ: #17. January 1960 For this eruption we use the start date of 13 January 1962 
reported by Macdonald (1962), Klein (1982) and Peterson and Moore (1987) and the 
end date 19 February reported by Macdonald (1962) and Wadge (1981). The durations 
within Klein (1982) and Peterson and Moore (1987) also support this end date. Wadge
(1981) report the alternative start date 14 January 1962 for this eruption and a duration 
uncertainty of -1 day is assigned to the eruption start date to account for this literature- 
derived uncertainty.
S: #18. February 1961 A short eruption on 24 February 1961 is reported by Richter 
et al. (1964), Wadge (1981), Klein (1982) Peterson and Moore (1987). While Klein
(1982) and Peterson and Moore (1987) give the duration 1 day, Wadge (1981) report 
the more precise duration 0.3 days. However, close inspection of the descriptions 
within Richter et al. (1964) implies that the eruption started at approximately 07:00 on 
24 February 1961 and was virtually over by the 25 February 1961. Here the longer du­
ration of 1 day is used along with the start and end dates of Richter et al. (1964).
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The following eruption started on 3 March 1961 (Richter et al., 1964; Wadge, 1981; 
Klein, 1982; Peterson and Moore, 1987) and end on 25 March 1961 (Richter et al., 
1964; Wadge, 1981) period of inactivity between these two eruptions is < 10 days and 
therefore here we have grouped the two eruptions and treated them as a single event 
starting on 24 February 1961 and ending on 25 March 1961 with a total duration of 29 
days.
S: #19. July 1961 For this eruption we use the start date 10 July 1961 reported by 
Richter et al. (1964), Wadge (1981), Klein (1982) and Peterson and Moore (1987) 
and the end date 17 July 1961 reported by Richter et al. (1964); Wadge (1981). The 
durations given by Klein (1982) and Peterson and Moore (1987) also supports this end 
date.
ERZ: #20. September 1961 For this eruption we use the start date 22 September 1961 
reported by Wadge (1981), Klein (1982) and Peterson and Moore (1987). Descriptions 
within Richter et al. (1964) do not give a definitive start date but indicate that a visual 
glow in the area was noted before sunrise on 23 September 1961. This possible later 
start is covered by the resolution-derived uncertainty assigned to the eruption start date 
and is not commented on further. The end date 25 September 1961 is used here re­
ported by Richter et al. (1964), Wadge (1981). The duration given by Peterson and 
Moore (1987) also supports this end date, however, Klein (1982) reports a 4 day dura­
tion for this eruption implying an end date of 26 September 1961. The descriptive and 
detailed nature of Richter et al. (1964) means we have discounted this discrepancy on 
the grounds that it is most probably a calculation issue.
ERZ: #21. December 1962 For this eruption we use the start date 7 December 1962 
reported by Moore and Krivoy (1964), Wadge (1981), Klein (1982) and Peterson 
and Moore (1987) and the end date 9 December 1961 reported by Moore and Krivoy 
(1964), Wadge (1981). The duration given byPeterson and Moore (1987) also supports 
this end date, however, Klein (1982) reports a 3 day duration for this eruption imply­
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ing an end date of 10 December 1962. The descriptive and detailed nature of Moore 
and Krivoy (1964) (including times for the start and end of the eruption) means we 
have discounted this discrepancy on the grounds that it is most probably a calculation 
issue.
ERZ: #22 August 1963 For this eruptions we use the start date 21 August 1963 reported 
by Peck et al. (1964), Wadge (1981), Klein (1982) and Peterson and Moore (1987) and 
the end date 23 August 1963 reported by Peck et al. (1964). Klein (1982) gives a 3 day 
duration for this eruption implying an end date of 24 August 1963. The descriptive 
and detailed nature of Peck et al. (1964) (including times for the start and end of the 
eruption) means we have discounted this discrepancy on the grounds that it is most 
probably a calculation issue. Furthermore, Wadge (1981) gives a far shorter duration 
on only 0.5 days, however, this seems unlikely and it is also discounted.
ERZ: #23 October 1963 For this eruption we use the start date 5 October 1963 reported 
by Moore and Koyanagi (1969), Wadge (1981), Klein (1982) and Peterson and Moore 
(1987) and the end date 6 October 1963 reported by Moore and Koyanagi (1969), and 
Wadge (1981) and also supported by the duration given by Peterson and Moore (1987). 
Klein (1982) give a 2 day duration for this eruption implying an end date of 7 October 
1963. The descriptive and detailed nature of Moore and Koyanagi (1969) (including 
times for the start and end of the eruption) means we have discounted this discrepancy 
on the grounds that it is most probably a calculation issue.
ERZ: #24. March 1965 For this eruption we use the start date 5 March 1965 reported 
by Wright et al. (1968), Wadge (1981), Klein (1982) and Peterson and Moore (1987) 
and the end date 15 March 1965 reported by Wright et al. (1968), Wadge (1981). 
Peterson and Moore (1987) gives a duration supporting this end date, however, Klein
(1982) gives a duration of 11 days for this eruption implying an end date of 16 March 
1965. The descriptive and detailed nature of Wright et al. (1968) (including times for 
the start and end of the eruption) means we have discounted this discrepancy on the
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grounds that it is most probably a calculation issue.
ERZ: #25 December 1965 For this eruption we use the start date 24 December 1965 
reported by Fiske and Koyanagi (1968), Wadge (1981), Klein (1982) and Peterson and 
Moore (1987) and the end date 25 December 1965 reported by Fiske and Koyanagi 
(1968) and Wadge (1981). Fiske and Koyanagi (1968) gives start and end times for 
this eruption implying that the eruption started at 23:00 on 24 December and lasted 
only 6 hours and this is used for the duration of this eruption. Klein (1982) give a 2 
day duration for this eruption, however, the descriptive and detailed nature of Fiske 
and Koyanagi (1968) (including times for the start and end of the eruption) means we 
have discounted this discrepancy on the grounds that it is most probably a calculation 
issue.
S: #26 November 1967 For this eruption we use the start date 5 November 1967 re­
ported by Kinoshita et al. (1969), Wadge (1981), Klein (1982), Peterson and Moore 
(1987) and Nicholls and Stout (1988) and the end date 13 July 1968 reported by Ki­
noshita et al. (1969), Wadge (1981) and Nicholls and Stout (1988). The durations 
given by Klein (1982) and Peterson and Moore (1987) also support this end date. The 
duration reported within Wadge (1981) is only 204 days, however, an active lava lake 
was still present during the inactive periods between the recognised eruptive phases 
and are not taken into account in this study (Kinoshita et al., 1969; Nicholls and Stout, 
1988).
ERZ: #27 August 1968 For this eruption we use the start date 22 August 1968 reported 
by Jackson et al. (1975), Wadge (1981), Klein (1982) and Peterson and Moore (1987) 
and the end date 26 August 1968 reported by Jackson et al. (1975), Wadge (1981). 
Peterson and Moore (1987) gives a duration supporting this end date, however, Klein
(1982) gives a duration of 5 days for this eruption implying an end date of 27 Au­
gust 1968. The descriptive and detailed nature of Jackson et al. (1975) means we 
have discounted this discrepancy on the grounds that it is most probably a calculation
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issue.
ERZ: #28 October 1968 For this eruption we use the start date 7 October 1968 reported 
by Jackson et al. (1975), Wadge (1981), Klein (1982) and Peterson and Moore (1987) 
and the end date 22 October 1968 reported by Jackson et al. (1975) and Wadge (1981). 
Peterson and Moore (1987) gives a duration supporting this end date, however, Klein
(1982) gives a duration of 16 days for this eruption implying an end date of 23 Oc­
tober 1968. The descriptive and detailed nature of Jackson et al. (1975) means we 
have discounted this discrepancy on the grounds that it is most probably a calculation 
issue.
ERZ: #29 February 1969 For this eruption we use the start date 22 February 1969 re­
ported by Swanson et al. (1976), Wadge (1981), Klein (1982) and Peterson and Moore 
(1987) and the end date 28 February 1969 reported by Swanson et al. (1976) and 
Wadge (1981). Peterson and Moore (1987) gives a duration supporting this end date 
however, Klein (1982) gives a duration of 7 days for this eruption implying an end date 
of 1 March 1969. Descriptions within Swanson et al. (1976) suggest that foundering of 
the lava lake crust continued until the 1 or 2 March and therefore this possible longer 
duration cannot be discounted as a calculation issue. A duration uncertainty of + 2 
days is therefore assigned to the eruption end date to account for this.
ERZ: #30 May 1969 For this eruption we use the start date 24 May 1969 reported by 
Swanson et al. (1979), Wadge (1981), Klein (1982) and Peterson and Moore (1987) 
and the end date 15 October 1971 reported by Swanson et al. (1979), Wadge (1981) 
and Tilling et al. (1987). Klein (1982) and Peterson and Moore (1987) give a duration 
of 875 days for this eruption implying an end date of 16 October 1971. The descriptive 
and detailed nature of Swanson et al. (1979) means we have discounted this discrep­
ancy on the grounds that it is most probably a calculation issue.
S: #31 August 1971 A short eruption is reported for 14 August 1971 by Keller et al.
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(1972), Wadge (1981), Duffield et al. (1982), Klein (1982) and Peterson and Moore 
(1987). Although both Klein (1982) and Peterson and Moore (1987) give a 1 day du­
ration for this eruption Wadge (1981) give a more precise duration of 0.4 days which 
corresponds with the information within The Smithsonian Institution’s monthly report 
(CSLP 81_71) indicating that the eruption started at 08:55 and ended at 19:00 Hawai­
ian Standard Time. This duration is therefore used in the analyses of this study.
S #32 September 1971 For this eruption we use the start date 24 September 1971 re­
ported by Wadge (1981), Duffield et al. (1982), Klein (1982), Peterson and Moore 
(1987) and Dvorak (1990) and the end date 29 September 1971 reported by Wadge 
(1981), Duffield et al. (1982) and Dvorak (1990). Klein (1982) and Peterson and 
Moore (1987) give a durations supporting this end date.
ERZ: #33 February 1972 The start date of this eruption is uncertain. The Smithsonian 
Institution’s Global Volcanism monthly report (CSLP 09_72) state that a lava lake was 
discovered in Mauna Ulu summit caldera at 09:00 on 5 February 1972 implying that 
the eruption started between 2 and 4 February 1972. Duffield et al. (1982) report that 
the eruption started early in February while Tilling et al. (1987) state the 2 February 
as the eruption start date. Here we treat the eruption according to the ‘early month’ 
category of Table 2.1. The end date of 22 July 1972 is used as reported by Tilling et al. 
(1987).
S: #34 July 1974 For this eruption we use the start date 19 July 1974 reported by 
Wadge (1981), Klein (1982), Peterson and Moore (1987) and Lockwood et al. (1999) 
and the end date 22 July 1974 reported by Wadge (1981) and Lockwood et al. (1999). 
Klein (1982) and Peterson and Moore (1987) give a durations supporting this end 
date.
S: #35 September 1974 A short eruption on 19 September 1974 is reported by Wadge 
(1981), Klein (1982), Peterson and Moore (1987) and Lockwood et al. (1999). Wadge
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(1981) give a duration of 0.5 days to this eruption while Klein (1982) and Peterson 
and Moore (1987) give durations of 1 day implying an end date of 20 September 
1974. Lockwood et al. (1999) describe active fountaining ending mid afternoon on 
19 September 1974 and irregular overturning of the lava lake crust stopping of 22 
September 1974. Given that this still implies some activity beneath the lava lake until 
the 22 September 1974, this is the data chosen as the end of the eruption.
SWRZ: #36 December 1974 A short eruption is reported for 31 December 1974 by 
Wadge (1981), Klein (1982), Peterson and Moore (1987) and Lockwood et al. (1999). 
Although both Klein (1982) and Peterson and Moore (1987) give a 1 day duration for 
this eruption Wadge (1981) give a more precise duration of 0.25 days which corre­
sponds with the information within Lockwood et al. (1999) indicating that the eruption 
started at 02:56 and ended at 08:50 on 31 December 1974. This duration is therefore 
used in the analyses of this study.
S: #37 November 1975 A 1.2 earthquake and minor eruption is reported for 29 Novem­
ber 1975 by Dzurisin et al. (1980), Wadge (1981), Klein (1982) and Peterson and 
Moore (1987). Although both Klein (1982) and Peterson and Moore (1987) give a 
1 day duration for this eruption Wadge (1981) give a more precise duration of 0.35 
days. However, descriptions within The Smithsonian Instituation’s monthly report 
(SEAN 01:02) indicate that there were two phases of activity with a total duration 
of 16 hours/0.7 days (05:32 to 22:00 on 29 November 1975) and this is the duration 
used in the analyses of this study.
ERZ: #38 September 1977 For this eruption we use the start date 13 September 1977 
and end date 1 October 1977 reported by Dzurisin et al. (1980), Moore et al. (1980) 
and Wadge (1981) and the end date 1 October 1977 and reported by Dzurisin et al. 
(1980) and Moore et al. (1980). Klein (1982) and Peterson and Moore (1987) report 
this eruption starting on 12 September 1977 with a duration of 20 days implying an end 
date of 2 October 1977. A duration uncertainty of + 1 day has been assigned to both
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the eruption start and end date to account for this literature-derived uncertainty.
ERZ: #39 November 1979 A 1 day eruption is reported by Klein (1982) and Peterson 
and Moore (1987) starting on 16 November 1979 implying an end date of 17 Novem­
ber 1979. The Smithsonian Institution’s monthly report (SEAN 04:11) states that the 
eruption started at 08:21 on 16 November 1979 and ended at 06:30 on 17 Novem­
ber 1979 giving a duration of 22 hours/0.9 days that is used in the analyses of this 
study.
ERZ: March 1980: Excluded Peterson and Moore (1987) report a 1 day eruption start­
ing on 11 March 1980, however, The Smithsonian Institution’s month report (SEAN 
05:03) suggests that while volcanic tremor and summit deflation was detected no erup­
tion took place and it was most probably an intrusion. It is therefore discounted from 
this study.
S: #40 April 1982 A  1 day eruption is reported by Peterson and Moore (1987) starting 
on 30 April 1982 implying an end date of 1 May 1980. The Smithsonian Institution’s 
monthly report (SEAN 07:04) states that the eruption started at 11:37 on 30 April 1982 
and ended 19 hours later on 1 May 1982. A duration of 0.9 days is therefore used in 
the analyses of this study.
S: #41 September 1982 A  1 day eruption is reported by Peterson and Moore (1987) 
starting on 23 September 1982 implying an end date of 24 September 1982. The 
Smithsonian Institution’s monthly report (SEAN 07:09) also report this eruption, how­
ever, they state that it started at 18:44 on 25 September 1982 and lasted 15 hours. 
Casadevall and Hazlett (1983) also refer an eruption on 25 to 26 September 1982 and 
these are the dates used here with a duration of 0.6 days.
ERZ: January 1983 This is the Pu’u’O’o - Kupaianaha eruption starting in January 
1983 (Heliker and Mattox, 2003), and still continuing on 19 July 2013 (Venzke et al.,
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2013). Due to the ongoing nature of this eruption, it is not used in this study.
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Appendix C 
Additional information regarding the 
Piton de la Fournaise dataset
The following section contains information about the reported start dates, end dates 
and durations of the 267 historical eruptions from Piton de la Fournaise, Reunion, 
Indian Ocean(PdlF) for the period 1644-2010. For each eruption, any discrepancies 
in the reported dates are discussed and the duration uncertainty assigned in this study 
explained. A summary of this information is included within Table C. 1. Eruptions with 
numbers in the first column are those with reliable eruption durations and correspond 
with the eruption numbers reported in Table 3.3.
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Table C.l: Table containing the 267 historic eruptions reported for PdlF in the period 
1644-2011
Preferred Date U/C
# Location Start Year Start End Duration + -
1649
1669
1671
1672
1703 01-07-1703 01-07-1705 730 365 365
1708 15-04-1708 29-04-1708 14 29 29
1709
1721 15-06-1721 15 15
1733
1733
1734 15-01-1734 15-03-1734 60 30 30
1734 15-12-1734 29-12-1734 14 29 29
1751 15-06-1751 29-06-1751 14 29 29
1753
1759
1 1760 15-12-1760 29-12-1760 14 1 1
1766 15-03-1766 15 15
2 1766
1768
1771
14-05-1766 31-05-1766 17 1 1
1772 15-02-1772 15 15
1772 15-11-1772 15 15
1774
1775
1776
1784
1785
1786 04-08-1786 0.5 0.5
3 1787 14-06-1787 01-08-1787 48 1 1
1789 15-06-1789 15-07-1789 30 30 30
Continued on next page...
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Table C.l -  Continued
# Location Start Year
Preferred Date
Duration
U/C
Start End + -
4 1791 26-06-1791 17-07-1791 21 1 1
1791 15-10-1791 15 15
1792 15-12-1792 15 15
1794 15-01-1794 15 15
1795
1797
5 1800 02-11-1800 08-11-1800 6 1 1
1801 15-10-1801 15-11-1801 31 30 30
6 1802 17-01-1802 30-01-1802 13 1 1
1802 14-04-1802 28-04-1802 14 7.5 7.5
1802 15-12-1802 14-01-1803 28 36 36
7 1807 23-03-1807 27-05-1807 65 1 1
8 1807 10-06-1807 13-06-1807 3 1 1
9 1809 17-07-1809 08-08-1809 22 1 1
10 1810 20-11-1810 28-11-1810 8 1 1
1812 15-08-1812 15 15
11 1812 03-09-1812 30-09-1812 27 1 1
1812 15-11-1812 30-11-1812 15 15.5 15.5
1812 15-12-1812 15 15
12 1813 16-09-1813 16-09-1813 0.5 0.04 0.04
13 1813 18-11-1813 26-11-1813 8 1 1
14 1814 10-09-1814 12-09-1814 2 1 1
15 1814 13-10-1814 13-10-1814 0.5 0.04 0.04
16 1815 21-01-1815 27-01-1815 6 1 1
17 1815 15-08-1815 16-08-1815 1 1 1
18 1816 15-12-1816 15-12-1816 0.5 0.04 0.04
1817 15-01-1817 15-04-1817 90 30 30
1820 15-01-1820 15-02-1820 31 30 30
19 1821 27-02-1821 10-04-1821 42 1 1
1824 15-02-1824 15 15
1824 15-12-1824 15 15
Continued on next page...
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Table C.l -  Continued
Preferred Date U/C
# Location Start Year Start End Duration + -
1830 15-10-1830 12-11-1830 28 29 29
1832 15-03-1832 05-04-1832 21 29 29
1842 15-04-1842 13-05-1842 28 29 29
1843
20 1844 19-03-1844 11-05-1844 53 1 1
1844 15-12-1844 15 15
1845
1846
1847
1848
1849
21 1850
1851
1852
03-11-1850 12-11-1850 9 1 1
1858 03-11-1858 0.5 0.5
22 1859 08-05-1859 08-05-1859 0.5 0.04 0.04
1859 23-05-1859 0.5 0.5
23 1860 22-01-1860 24-02-1860 33 1 1
24 1860 11-03-1860 20-03-1860 9 1 1
25 1861 19-03-1861 19-03-1861 0.5 0.04 0.04
26 1863 20-12-1863 29-01-1864 40 1 1
27 1865 05-02-1865 10-02-1865 5 1 1
1868 15-03-1868 12-04-1868 28 29 29
1869
1870
28 1871
1872 
1874
21-06-1871 05-07-1871 14 1 1
29 1874
1874
29-06-1874 24-07-1874 
05-11-1874
• 25 1 1
30 1874 20-12-1874 20-12-1874 0.5 0.04 0.04
Continued on next page...
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Table C.l -  Continued
Preferred Date U/C
# Location Start Year Start End Duration + -
31 1875 26-11-1875 26-11-1875 0.5 0.04 0.04
32 1875 11-12-1875 11-12-1875 0.5 0.04 0.04
33 1876 11-12-1876 11-12-1876 0.5 0.04 0.04
34 1878 14-03-1878 30-03-1878 16 1 1
35 1880 24-11-1880 25-11-1880 1 1 1
36 1884 04-02-1884 05-02-1884 1 1 1
37 1889 15-06-1889 15-08-1889 61 30 30
1890 15-02-1890 01-03-1890 14 29 29
1890 15-06-1890 15 15
1890 15-09-1890 15 15
38 1890 21-10-1890 20-11-1890 30 1 1
1890 15-12-1890 15 15
1891 04-02-1891 0.5 0.5
1894 15-08-1894 15 15
1897 05-01-1897 02-02-1897 28 19 19
39 1898 14-01-1898 20-01-1898 6 1 1
1898 26-11-1898 0.5 0.5
1899 13-02-1899 0.5 0.5
1899 14-03-1899 0.5 0.5
1899 08-07-1899 0.5 0.5
40 1900 11-05-1900 30-05-1900 19 1 1
41 1901 21-02-1901 25-02-1901 4 1 1
42 1901 04-07-1901 06-07-1901 2 1 1
43 1902
1903
13-08-1902 18-08-1902 5 1 1
44 1904 19-08-1904 20-08-1904 1 1 1
45 1904 04-10-1904 17-10-1904 13 1 1
46 1905 15-02-1905 16-02-1905 1 1 1
1907 29-11-1907 05-12-1907 6
1909 15-04-1909 15 15
47 1910 16-11-1910 12-12-1910 26 1 1
Continued on next page...
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Table C.l -  Continued
# Location Start Year
Preferred Date
Duration
u/c
Start End + -
48 1913 10-07-1913 03-08-1913 24 1 1
1915 22-07-1915 0.5 0.5
49 1915 08-09-1915 08-09-1915 0.5 0.04 0.04
50 1915 08-10-1915 20-10-1915 12 1 1
51 1915 09-11-1915 21-11-1915 12 1 1
52 1917 29-04-1917 29-04-1917 0.5 0.04 0.04
53 1920 28-06-1920 04-07-1920 6 1 1
54 1920 10-10-1920 18-10-1920 8 1 1
1921 27-11-1921 0.5 0.5
1924 19-05-1924 0.5 0.5
55 1924 03-09-1924 13-09-1924 10 1 1
56 1925 30-12-1925 30-12-1925 0.5 0.04 0.04
1926 15-01-1926 15-04-1926 90 30 30
57 1926 18-09-1926 19-09-1926 1 1 1
58 1926 05-11-1926 08-11-1926 3 1 1
59 1927 11-01-1927 20-01-1927 9 1 1
60 1927 05-02-1927 20-02-1927 15 5.5 5.5
1927 28-04-1927
1927 05-06-1927 5 5
61 1929 23-12-1929 31-12-1929 8 1 1
62 1930 23-05-1930 24-05-1930 1 1 1
1931 15-01-1931 15 15
63 1931 15-02-1931 15-05-1931 89 30 30
64 1931 14-06-1931 25-06-1931 11 5.5 5.5
1931 15-07-1931 25-07-1931 10 5.5 5.5
65 1931 04-08-1931 25-08-1931 21 5.5 5.5
1932 15-11-1932 15-11-1932 0.5 30 30
66 1933 07-06-1933 15-06-1933 8 1 1
1933 19-09-1933 0.5 0.5
67 1933 01-11-1933 01-11-1933 0.5 0.04 0.04
68 1933 11-11-1933 13-11-1933 2 1 1
Continued on next page...
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Table C.l -  Continued
Preferred Date U/C
# Location Start Year Start End Duration + -
69 1934 05-02-1934 23-02-1934 18 1 1
70 1934
1935
30-03-1934 01-04-1934 2 1 1
1936 15-09-1936 0.5 0.5
71 1937 13-08-1937 12-09-1937 30 1 1
72 1937 05-11-1937 25-11-1937 20 1 1
73 1938 25-07-1938 29-07-1938 4 1 1
74 1938
1941
07-12-1938 15-01-1939 39 1 1
75 1942 05-10-1942 25-10-1942 20 1 1
76 1943 04-04-1943 25-04-1943 21 1 1
77 1944 11-04-1944 01-05-1944 20 1 1
78 1945 15-04-1945 06-05-1945 21 1 1
79 1946
1947
18-06-1946 05-07-1946 17 1 1
80 1948 14-02-1948 08-03-1948 23 1 1
1949 15-10-1949 15 15
81 1950 25-02-1950 02-04-1950 36 1 1
82 1950 30-08-1950 05-09-1950 6 1 1
1951 15-06-1951 15 15
83 1951 10-09-1951 20-09-1951 10 1 1
84 1952 19-05-1952 20-07-1952 62 1 1
85 1953 13-03-1953 15-04-1953 33 1 1
86 1953 15-06-1953 08-07-1953 23 1 1
1953 15-12-1953 15 15
87 1954 15-01-1954 15-12-1954 334 30 30
1955 15-07-1955 15 15
1955 15-10-1955 15 15
88 1956 08-03-1956 15-04-1956 38 1 1
89 1956 22-11-1956 23-11-1956 1 1 1
90 1956 30-12-1956 16-03-1957 76 1 1
Continued on next page...
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Table C.l -  Continued
# Location Start Year
Preferred Date
Duration
u/c
Start End + -
91 1957 02-09-1957 09-09-1957 7 1 1
92 1957 21-10-1957 16-11-1957 26 1 1
93 1958 30-05-1958 31-05-1958 1 1 1
94 1958 06-08-1958 20-09-1958 45 1 1
95 1959 11-03-1959 20-04-1959 40 1 1
96 1959 04-08-1959 06-08-1959 2 1 1
97 1960 11-01-1960 12-01-1960 1 1 1
98 1960 08-02-1960 10-03-1960 31 1 1
99 1961 05-04-1961 25-04-1961 20 1 1
100 1963 07-11-1963 21-11-1963 14 1 1
101 1964 30-04-1964 08-05-1964 8 1 1
102 1964 21-12-1964 15-02-1965 56 1 1
103 1966 15-03-1966 15-05-1966 61 1 1
104 Proximal 1972 09-06-1972 11-06-1972 2 1 1
105 Proximal 1972 25-07-1972 17-08-1972 23 1 1
106 Proximal 1972 07-09-1972 27-09-1972 20 1 1.5
107 Proximal 1972 08-10-1972 10-12-1972 63 1 1
108 1973 08-01-1973 16-01-1973 8 1 1
109 Summit 1973 10-05-1973 28-05-1973 18 7.5 1
110 1973 04-09-1973 05-09-1973 1 1 1
111 Summit 1975 04-11-1975 18-11-1975 14 1 1
112 Summit 1975 18-12-1975 06-04-1976 110 1 1
113 Proximal 1976 02-11-1976 03-11-1976 0.63 0.04 0.04
114 Proximal 1977 24-03-1977 24-03-1977 0.5 0.04 0.04
115 Distal 1977 05-04-1977 16-04-1977 11 1 1
116 Proximal 1977 24-10-1977 17-11-1977 24 1 1
117 Proximal 1979 28-05-1979 29-05-1979 1 1 1
118 Proximal 1979 13-07-1979 14-07-1979 0.71 0.04 0.04
119 Proximal 1981 03-02-1981 05-05-1981 91 1 1
120 Proximal 1983 04-12-1983 18-02-1984 76 1 1
121 Proximal 1985 14-06-1985 15-06-1985 1 0.04 0.04
Continued on next page...
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Table C.l -  Continued
# Location Start Year
Preferred Date
Duration
U/C
Start End + -
122 Summit 1985 05-08-1985 10-10-1985 66 6.5 1
123 Proximal 1985 02-12-1985 03-12-1985 1.17 0.04 0.04
124 Summit 1985 29-12-1985 08-02-1986 41 10.5 1.5
125 Distal 1986 19-03-1986 05-04-1986 17 1 4
126 Summit 1986 13-07-1986 14-07-1986 0.25 0.04 0.04
127 Summit 1986 12-11-1986 13-11-1986 1 1 1
128 Summit 1986 26-11-1986 27-11-1986 1 1 1
129 Summit 1986 06-12-1986 06-01-1987 31 1.5 1
130 Summit 1987 10-06-1987 29-06-1987 19 1 1
131 Proximal 1987 19-07-1987 20-07-1987 1.33 0.04 0.04
132 Proximal 1987 06-11-1987 08-11-1987 2 1 1
133 Proximal 1987 30-11-1987 01-01-1988 32 1 1
134 Proximal 1988 07-02-1988 02-04-1988 55 1 1
135 Proximal 1988 18-05-1988 01-08-1988 75 1 1
136 Proximal 1988 31-08-1988 12-09-1988 12 1 1
137 Proximal 1988 14-12-1988 29-12-1988 15 1 1
138 Summit 1990 18-01-1990 19-01-1990 0.75 0.04 0.04
139 Proximal 1990 18-04-1990 08-05-1990 20 1 1
140 Summit 1991 19-07-1991 20-07-1991 1.17 0.04 0.04
141 Summit 1992 27-08-1992 23-09-1992 27 1 1
142 Distal 1998 09-03-1998 21-09-1998 196 1 1
143 Summit 1999 19-07-1999 31-07-1999 12 1 1
144 Summit 1999 28-09-1999 23-10-1999 25 1 1
145 Proximal 2000 14-02-2000 03-03-2000 18 2 1
146 Proximal 2000 23-06-2000 30-07-2000 37 1 1
147 Proximal 2000 12-10-2000 13-11-2000 32 1 1
148 Proximal 2001 27-03-2001 04-04-2001 8 1 1
149 Proximal 2001 11-06-2001 07-07-2001 26 1 1
150 Distal 2002 05-01-2002 16-01-2002 11 1.5 1
151 Proximal 2002 16-11-2002 03-12-2002 17 1.5 1
152 Summit 2003 30-05-2003 07-07-2003 38 1 1
Continued on next page...
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Table C.l -  Continued
# Location Start Year
Preferred Date
Duration
U/C
Start End + -
153 Proximal 2003 22-08-2003 27-08-2003 5 1.5 1.5
154 Proximal 2003 30-09-2003 01-10-2003 1 1 1
155 Proximal 2003 07-12-2003 25-12-2003 18 1 1
156 Distal 2004 08-01-2004 10-01-2004 2 1 1
157 Proximal 2004 02-05-2004 18-05-2004 16 1 1
158 Summit 2004 12-08-2004 16-10-2004 65 1 13
159 Distal 2005 17-02-2005 26-02-2005 9 1 1
160 Summit 2005 04-10-2005 17-10-2005 13 1.5 1
161 Summit 2005 29-11-2005 29-11-2005 0.5 0.04 0.04
162 Distal 2005 26-12-2005 18-01-2006 23 1 1.5
163 Proximal 2006 20-07-2006 14-08-2006 25 1.5 1
164 Summit 2006 30-08-2006 01-01-2007 124 1 1
165 Summit 2007 18-02-2007 19-02-2007 1 1 1
166 Distal 2007 30-03-2007 01-05-2007 32 1 1
167 Summit 2008 21-09-2008 02-10-2008 11 1 1
168 Summit 2008 27-11-2008 28-11-2008 1 1 1
169 Summit 2008 14-12-2008 04-02-2009 52 1 1.5
170 Summit 2009 05-11-2009 12-01-2010 68 1 1
171 Proximal 2010 14-10-2010 31-10-2010 17 1 1
172 Proximal 2010 09-12-2010 10-12-2010 1 1 1
U/C = uncertainty. Units: durations and duration uncertainties = days
Eruptions with numbers in column one have reported eruption duration which are considered reliable 
and thus used in the duration analyses of this study. These numbers refer to the eruption numbers of
Table 3.3.
1649: Excluded. An eruption in the year 1649 is reported by Stieltjes and Moutou 
(1989), however, precise start and end dates are unknown.
1669: Excluded. An eruption in the year 1669 is reported by Stieltjes and Moutou 
(1989), however, precise start and end dates are unknown.
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1671: Excluded. An eruption in the year 1671 is reported by Stieltjes and Moutou 
(1989), however, precise start and end dates are unknown.
1672: Excluded. An eruption in the year 1672 is reported by Stieltjes and Moutou 
(1989), however, precise start and end dates are unknown.
1703: Excluded. An eruption is reported by The Smithsonian Institution’s Global Vol- 
canism Program (Siebert et al., 2010; Venzke et al., 2013) as starting on or before 
1703 and ending in 1705, however, alternative sources for these dates have not been 
found.
April 1708: Excluded. An eruption starting in April 1708 is reported by Stieltjes and 
Moutou (1989), and is treated according to the ‘nearest month’ category of Table 2.1. 
A precise end date for this eruption is unknown, however, Stieltjes and Moutou (1989) 
report volcanic activity lasting 2 weeks ±  2 weeks. This would result in a total du­
ration uncertainty of > 50 % and the eruption is excluded from the analyses of this 
study.
1709: Excluded. An eruption in the year 1709 is reported by Stieltjes and Moutou 
(1989), however, precise start and end dates are unknown.
June 1721: Excluded. An eruption starting in June 1721 is reported by Stieltjes and 
Moutou (1989), and is treated according to the ‘nearest month’ category of Table 2.1, 
however, the end date is unknown.
1733 (two eruptions): Excluded Two eruptions are reported for the year 1733 by Stielt­
jes and Moutou (1989), however, precise start and end dates of these eruptions are 
unknown. Some uncertainty also surrounds the year of these eruptions.
January 1734: Excluded An eruption starting in January and ending in March 1734 
is reported by Stieltjes and Moutou (1989). Although The Smithsonian Institution’s
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Global Volcanism Program (Siebert et al., 2010; Venzke et al., 2013) provide more 
precise dates for the start and end of this eruption (1 January 1734 and 6 March 1734, 
respectively) other sources reporting these dates have not been found. The dates are 
therefore treated according to the ‘nearest month’ category of Table 2.1, however, this 
results in a duration uncertainty of > 50 % and the eruption is excluded from the anal­
yses of this study.
December 1734: Excluded. An eruption starting in December 1734 is reported by Stielt­
jes and Moutou (1989), and is treated according to the ‘nearest month’ category of Ta­
ble 2.1. A precise end date for this eruption is unknown, however, Stieltjes and Moutou 
(1989) report volcanic activity lasting 2 weeks ±  2 weeks. This would result in a total 
duration uncertainty of > 50 % and the eruption is excluded from the analyses of this 
study.
June 1751: Excluded. An eruption starting in June 1751 is reported by Stieltjes and 
Moutou (1989), and is treated according to the ‘nearest month’ category of Table 2.1. 
A precise end date for this eruption is unknown, however, Stieltjes and Moutou (1989) 
report volcanic activity lasting 2 weeks ±  2 weeks. This would in a total duration un­
certainty of > 50 % and the eruption is excluded from the analyses of this study.
1753: Excluded. An eruption in the year 1753 is reported by Stieltjes and Moutou 
(1989), however, precise start and end dates are unknown.
1759: Excluded. An eruption in the year 1759 is reported by Stieltjes and Moutou 
(1989), however, precise start and end dates are unknown.
#1. December 1760. For this eruption we use the start date 15 December 1760 and end 
date 29 December 1760 reported by Stieltjes and Moutou (1989).
March 1766: Excluded. An eruption starting in March 1766 is reported by Stieltjes 
and Moutou (1989), and is treated according to the ‘nearest month’ category of Table
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2.1, however, the end date is unknown.
#2. May 1766. For this eruption we use the start date 14 May 1766 and end date 31 
May 1766 reported by Stieltjes and Moutou (1989).
1768: Excluded. An eruption in the year 1768 is reported by Stieltjes and Moutou 
(1989), however, precise start and end dates are unknown.
1771: Excluded. An eruption in the year 1771 is reported by Stieltjes and Moutou 
(1989), however, precise start and end dates are unknown.
February 1772: Excluded The Smithsonian Institution’s Global Volcanism Program 
(Siebert et al., 2010; Venzke et al., 2013) reports this eruption as starting in February 
1772 and it is treated according to the ‘nearest month’ category of Table 2.1, however, 
the end date is unknown.
November 1772: Excluded. This eruption is reported by Stieltjes and Moutou (1989) as 
starting in November 1772 and it is treated according to the ‘nearest month’ category 
of Table 2.1, however, the end date is unknown.
1774: Excluded. An eruption in the year 1774 is reported by Stieltjes and Moutou 
(1989), however, precise start and end dates are unknown.
1775: Excluded. An eruption in the year 1775 is reported by Stieltjes and Moutou 
(1989), however, precise start and end dates are unknown.
1776: Excluded. An eruption in the year 1776 is reported by Stieltjes and Moutou 
(1989), however, precise start and end dates are unknown.
1784: Excluded. An eruption in the year 1784 is reported by Stieltjes and Moutou 
(1989), however, precise start and end dates are unknown.
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1785: Excluded. An eruption in the year 1785 is reported by Stieltjes and Moutou 
(1989), however, precise start and end dates are unknown.
August 1786: Excluded. This eruption is reported by Stieltjes and Moutou (1989) as 
starting on 4 August 1786, however, the end date of this eruption is unknown.
#3. June 1787. For this eruption we use the start date 14 June 1787 and end date 1 
August 1787 reported by Stieltjes and Moutou (1989).
June 1789: Excluded. Stieltjes and Moutou (1989) report this eruption as starting in 
June and ending in July 1789. These are treated according to the ‘nearest month’ 
category of Table 2.1, however, this results in a duration uncertainty of > 50 % and the 
eruption is excluded from the analyses of this study.
#4. June 1791. For this eruption we use the start date 26 June 1791 and end date 17 
July 1791 reported by Stieltjes and Moutou (1989).
October 1791: Excluded. An eruption starting in October 1785 is reported by Stieltjes 
and Moutou (1989), and is treated according to the ‘nearest month’ category of Table
2.1, however, the end date is unknown.
December 1792: Excluded. An eruption starting in December 1792 is reported by Stielt­
jes and Moutou (1989), and is treated according to the ‘nearest month’ category of 
Table 2.1, however, the end date is unknown.
January 1794: Excluded. An eruption starting in January 1794 is reported by Stieltjes 
and Moutou (1989), and is treated according to the ‘nearest month’ category of Table
2.1. A precise end date for this eruption is unknown, however, Stieltjes and Moutou 
(1989) report volcanic activity lasting 2 weeks ±  2 weeks. This would result in a total 
duration uncertainty of > 50 % and the eruption is excluded from the analyses of this 
study.
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1795: Excluded. An eruption in the year 1795 is reported by Stieltjes and Moutou 
(1989), however, precise start and end dates are unknown.
1797: Excluded. An eruption in the year 1797 is reported by Stieltjes and Moutou 
(1989), however, precise start and end dates of this eruption are unknown. The start 
year of this eruption is also uncertain.
#5. November 1800. For this eruption we use the start date 2 November 1800 and end 
date 8 November 1800 reported by Stieltjes and Moutou (1989).
October 1801: Excluded. Stieltjes and Moutou (1989) report this eruption as starting 
in October and ending in November 1801. These are treated according to the ‘nearest 
month’ category of Table 2.1, however, this results in a duration uncertainty of > 50 % 
and the eruption is excluded from the analyses of this study.
#6. January 1802. For this eruption we use the start date 17 January 1802 and end date 
30 January 1802 reported by Stieltjes and Moutou (1989).
April 1802: Excluded. This eruption is reported by Stieltjes and Moutou (1989) as 
starting on 14 April 1802, however the end date is unknown.
December 1802: Excluded. Stieltjes and Moutou (1989) report an eruption starting in 
December 1802 and it is treated according to the ‘nearest month’ category of Table
2.1. A precise end date for this eruption is unknown, however, Stieltjes and Moutou 
(1989) report volcanic activity lasting 4 weeks ±  3 weeks. This would result in a total 
duration uncertainty of > 50 % and the eruption is excluded from the analyses of this 
study.
#7. March 1807. For this eruption we use the start date 23 March 1807 and end date 
27 May 1807 reported by Stieltjes and Moutou (1989).
#8. June 1807. For this eruption we use the start date 10 June 1807 and end date 13
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June 1807 reported by Stieltjes and Moutou (1989).
#9. July 1809. For this eruption we use the start date 17 July 1809 and end date 8 
August 1809 reported by Stieltjes and Moutou (1989).
#10. November 1810. Stieltjes and Moutou (1989) report two eruptions in November 
1810 (20-22 November 1810 and 24-28 November 1810). The period of inactivity 
between the two eruptions is < 10 days and they are reported here as a single eruptions 
starting on 20 November and ending on 28 November.
August 1812. An eruption starting in August 1812 is reported by Stieltjes and Moutou 
(1989), and is treated according to the ‘nearest month’ category of Table 2.1, however, 
the end date is unknown.
#11. September 1812. For this eruption we use the start date 3 September 1812 and 
end date 30 September 1812 reported by Stieltjes and Moutou (1989).
November 1812: Excluded. Stieltjes and Moutou (1989) report an eruption starting in 
November 1812 and ending on 30 November 1812. The start date is treated according 
to the ‘nearest month’ category of Table 2.1, however, this results in a duration uncer­
tainty of > 50 % and the eruption is excluded from the analyses of this study.
December 1812: Excluded. An eruption starting in December 1812 is reported by Stielt­
jes and Moutou (1989), and is treated according to the ‘nearest month’ category of 
Table 2.1, however, the end date is unknown.
#12. September 1813: Excluded. A  less than 1 day eruption on 16 September 1813 is 
reported by Stieltjes and Moutou (1989).
#13. November 1813. For this eruption we use the start date 18 November 1813 and 
end date 26 November 1813 reported by Stieltjes and Moutou (1989).
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#14. September 1814. For this eruption we use the start date 10 September 1814 and 
end date 12 September 1814 reported by Stieltjes and Moutou (1989).
#15. October 1814. A less than 1 day eruption on 13 October 1814 is reported by 
Stieltjes and Moutou (1989).
#16. January 1815. For this eruption we use the start date 21 January 1815 and end 
date 27 January 1815 reported by Stieltjes and Moutou (1989).
#17. August 1815. For this eruption we use the start date 15 August 1815 and end date 
16 August 1815 reported by Stieltjes and Moutou (1989).
#18. December 1816. A  less than 1 day eruption on 15 December 1816 is reported by 
Stieltjes and Moutou (1989).
January 1817: Excluded. Several short eruptions are reported by Stieltjes and Moutou 
(1989) as starting in January 1817 and ending in April 1817. This is not one individual 
eruption and therefore it is excluded from any analysis within this study.
January 1820: Excluded. Stieltjes and Moutou (1989) report this eruption as starting 
in January and ending in February 1820. These are treated according to the ‘nearest 
month’ category of Table 2.1, however, this results in a duration uncertainty of > 50 % 
and the eruption is excluded from the analyses of this study.
#19. February 1821. For this eruption we use the start date 27 February 1821 and end 
date 10 April 1821 reported by Stieltjes and Moutou (1989).
February 1824: Excluded. An eruption starting in February 1824 is reported by Stielt­
jes and Moutou (1989), and is treated according to the ‘nearest month’ category of 
Table 2.1, however, the end date is unknown.
December 1824: Excluded. An eruption starting in December 1824 is reported by Stielt-
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jes and Moutou (1989), and is treated according to the ‘nearest month’ category of 
Table 2.1, however, the end date is unknown.
October 1830: Excluded An eruption starting in October 1830 is reported by Stieltjes 
and Moutou (1989), and is treated according to the ‘nearest month’ category of Table
2.1. A precise end date for this eruption is unknown, however, Stieltjes and Moutou 
(1989) report volcanic activity lasting 4 weeks ±  2 weeks. This would result in a total 
duration uncertainty of > 50 % and the eruption is excluded from the analyses of this 
study.
March 1832: Excluded. An eruption starting in March 1832 is reported by Stieltjes 
and Moutou (1989), and is treated according to the ‘nearest month’ category of Table
2.1. A precise end date for this eruption is unknown, however, Stieltjes and Moutou 
(1989) report volcanic activity lasting 3 weeks =t 2 weeks. This would result in a total 
duration uncertainty of > 50 % and the eruption is excluded from the analyses of this 
study.
April 1842: Excluded An eruption starting in April 1842 is reported by Stieltjes and 
Moutou (1989), and is treated according to the ‘nearest month’ category of Table 2.1. 
A precise end date for this eruption is unknown, however, Stieltjes and Moutou (1989) 
report volcanic activity lasting 4 weeks ±  2 weeks. This would result in a total du­
ration uncertainty of > 50 % and the eruption is excluded from the analyses of this 
study.
1843: Excluded. An eruption in the year 1843 is reported by Stieltjes and Moutou 
(1989), however, precise start and end dates of this eruption are unknown. The start 
year of this eruption is also uncertain.
#20. March 1844. For this eruption we use the start date 19 March 1844 and end date 
11 May 1844 reported by Stieltjes and Moutou (1989).
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December 1844: Excluded. An eruption starting in December 1844 is reported by Stielt­
jes and Moutou (1989), and is treated according to the ‘nearest month’ category of 
Table 2.1, however, the end date is unknown.
1845.’Excluded. An eruption in the year 1845 is reported by Stieltjes and Moutou 
(1989), however, precise start and end dates are unknown.
1846:Excluded. An eruption in the year 1846 is reported by Stieltjes and Moutou 
(1989), however, precise start and end dates are unknown.
1847:Excluded. An eruption in the year 1847 is reported by Stieltjes and Moutou 
(1989), however, precise start and end dates are unknown.
1848:Excluded. An eruption in the year 1848 is reported by Stieltjes and Moutou 
(1989), however, precise start and end dates are unknown.
1849:Excluded. An eruption in the year 1849 is reported by Stieltjes and Moutou 
(1989), however, precise start and end dates of this eruption are unknown.
#21. November 1850. For this eruption we use the start date 3 November 1850 and end 
date 12 November 1850 reported by Stieltjes and Moutou (1989).
1851: Excluded. The Smithsonian Institution’s Global Volcanism Program (Siebert 
et al., 2010; Venzke et al., 2013) reports an eruption in the year 1851, however, al­
ternative sources for this eruption have not been found.
1852: Excluded. The Smithsonian Institution’s Global Volcanism Program (Siebert 
et al., 2010; Venzke et al., 2013) reports an eruption in the year 1852, however, al­
ternative sources for this eruption have not been found.
November 1858: Excluded. Stieltjes and Moutou (1989) report an eruption starting on 
3 November 1858 and ending 14 December 1858. The following eruption in their
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catalogue is reported as starting January 1859, however, it’s activity is described as a 
continuation of that of December 1858. Given that an end date is not provided for the 
January 1858 eruption a total duration cannot be determined.
#22 May 1859i. A less than 1 day eruption on 8 May 1859 is reported by Stieltjes and 
Moutou (1989).
May 1859a: Excluded. Stieltjes and Moutou (1989) report an eruption starting on 23 
May 1859, however, the end date is unknown.
#23. January 1860. For this eruption we use the start date 22 January 1860 and the end 
date 24 February 1860 reported by Stieltjes and Moutou (1989).
#24. March 1860. For this eruption we use the start date 11 March 1860 and end date 
20 March 1860 reported by Stieltjes and Moutou (1989).
#25. March 1861. A less than 1 day eruption on 19 March 1861 is reported by Stieltjes 
and Moutou (1989).
#26. December 1863. For this eruption we use the start date 20 December 1863 and 
end date 29 January 1864 reported by Stieltjes and Moutou (1989).
#27. February 1865. For this eruption we use the start date 5 February 1865 and end 
date 10 February 1865 reported by Stieltjes and Moutou (1989).
March 1868: Excluded. An eruption starting in March 1868 is reported by Stieltjes 
and Moutou (1989), and is treated according to the ‘nearest month’ category of Table
2.1. A precise end date for this eruption is unknown, however, Stieltjes and Moutou 
(1989) report volcanic activity lasting 4 weeks ±  2 weeks. This would result in a total 
duration uncertainty of > 50 % and the eruption is excluded from the analyses of this 
study.
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1869: Excluded. An eruption in the year 1869 is reported by Stieltjes and Moutou 
(1989), however, precise start and end dates of this eruption are unknown. The start 
year of this eruption is also uncertain.
1870: Excluded. An eruption starting early in the year 1870 is reported by Stieltjes 
and Moutou (1989), however, precise start and end dates of this eruption are un­
known.
#28. June 1871. For this eruption we use the start date 21 June 1871 and end date 5 
July 1871 reported by Stieltjes and Moutou (1989).
1872: Excluded. An eruption starting early in the year 1872 is reported by Stieltjes 
and Moutou (1989), however, precise start and end dates of this eruption are un­
known.
1874: Excluded. An eruption starting early in the year 1874 is reported by Stieltjes 
and Moutou (1989), however, precise start and end dates of this eruption are un­
known.
#29. June 1874. For this eruption we use the start date 29 June 1874 and end date 24 
July 1874 reported by Stieltjes and Moutou (1989).
November 1874: Excluded. An eruption starting on 5 November 1874 is reported by 
Stieltjes and Moutou (1989), however the end date of this eruption is unknown.
#30. December 1874. A  less than 1 day eruption on 20 December 1874 is reported by 
Stieltjes and Moutou (1989).
#31. November 1875. A  less than 1 day eruption on 26 November 1875 is reported by 
Stieltjes and Moutou (1989).
#32. December 1875. A  less than 1 day eruption on 11 December 1875 is reported by
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Stieltjes and Moutou (1989).
#33. December 1876. A less than 1 day eruption on 11 December 1876 is reported by 
Stieltjes and Moutou (1989).
#34. March 1878. For this eruption we use the start date 14 March 1878 and end date 
30 March 1878 reported by Stieltjes and Moutou (1989).
#35. November 1880. For this eruption we use the start date 24 November 1880 and 
end date 25 November 1880 reported by Stieltjes and Moutou (1989).
#36. February 1884. For this eruption we use the start date 4 February 1884 and end 
date 5 March 1884 reported by Stieltjes and Moutou (1989).
#37. June 1889. An eruption is reported by Stieltjes and Moutou (1989) as starting in 
June and ending in August 1889 and are both treated according to the ‘nearest month’ 
category of Table 2.1.
February 1890: Excluded. An eruption starting in February 1890 is reported by Stielt­
jes and Moutou (1989), and is treated according to the ‘nearest month’ category of 
Table 2.1. A precise end date for this eruption is unknown, however, Stieltjes and 
Moutou (1989) report volcanic activity lasting 2 weeks ±  2 weeks. This would result 
in a total duration uncertainty of > 50 % and the eruption is excluded from the analyses 
of this study.
June 1890: Excluded. An eruption starting in June 1890 is reported by Stieltjes and 
Moutou (1989), and is treated according to the ‘nearest month’ category of Table 2.1, 
however, the end date is unknown.
September 1890: Excluded. An eruption starting in September 1890 is reported by 
Stieltjes and Moutou (1989), and is treated according to the ‘nearest month’ category 
of Table 2.1, however, the end date is unknown.
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#38. October 1890. For this eruption we use the start date 21 October 1890 and end 
date 20 November 1890 reported by Stieltjes and Moutou (1989).
December 1890: Excluded. An eruption starting in December 1890 is reported by Stielt­
jes and Moutou (1989), and is treated according to the ‘nearest month’ category of 
Table 2.1, however, the end date is unknown.
1891: Excluded. An eruption ending in February 1891 is reported by Stieltjes and 
Moutou (1989), and is treated according to the ‘nearest month’ category of Table 2.1, 
however, the start date is unknown.
August 1894: Excluded. An eruption starting in August 1894 is reported by Stieltjes 
and Moutou (1989), and is treated according to the ‘nearest month’ category of Table
2.1, however, the end date is unknown.
January 1897: Excluded. An eruption starting at the beginning of January 1894 is re­
ported by Stieltjes and Moutou (1989), and is treated according to the ‘early month’ 
category of Table 2.1. A precise end date for this eruption is unknown, however, Stielt­
jes and Moutou (1989) report volcanic activity lasting 4 weeks =t 2 weeks. This would 
result in a total duration uncertainty of > 50 % and the eruption is excluded from the 
analyses of this study.
#39. January 1898. For this eruption we use the start date 14 January 1898 and end 
date 20 January 1898 reported by Stieltjes and Moutou (1989).
November 1898: Excluded. Stieltjes and Moutou (1989) report an eruption starting on 
26 November 1898, however, the end date of this eruption is unknown.
February 1899: Excluded. Stieltjes and Moutou (1989) report an eruption starting on 
13 February 1899 and ending after the 19 February 1899. The uncertain end date of 
this eruption has led us to exclude it from the study.
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March 1899: Excluded. Stieltjes and Moutou (1989) report an eruption starting on 14 
March 1899, however, the end date of this eruption is unknown.
July 1899: Excluded. Stieltjes and Moutou (1989) report an eruption starting on 8 July 
1899 and ending after the 18 July 1899. The uncertain end date of this eruption has led 
us to exclude it from the study.
#40. May 1900. For this eruption we use the start date 11 May 1900 and end date 30 
May 1900 reported by Stieltjes and Moutou (1989).
#41. February 1901. For this eruption we use the start date 21 February 1901 and end 
date 25 February 1901 reported by Stieltjes and Moutou (1989).
#42. July 1901. For this eruption we use the start date 4 July 1901 and end date 6 July 
1901 reported by Stieltjes and Moutou (1989).
#43. August 1902. For this eruption we use the start date 13 August 1902 and end date 
18 August 1902 reported by Stieltjes and Moutou (1989).
1903: Excluded. An eruption in the year 1903 is reported by Stieltjes and Moutou 
(1989), however, the start and end dates of this eruption are unknown and the year is 
uncertain.
#44. August 1904. For this eruption we use the start date 19 August 1904 and end date 
20 August 1904 reported by Stieltjes and Moutou (1989).
#45. October 1904. For this eruption we use the start date 4 October 1904 and end date 
17 October 1904 reported by Stieltjes and Moutou (1989).
#46. February 1905. For this eruption we use the start date of 15 February 1905 and 
end date of 16 February 1905 reported by Stieltjes and Moutou (1989).
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November 1907: Excluded. An eruption is reported by Stieltjes and Moutou (1989) as 
starting on 29 November 1907 and ending in the beginning of December 1907. The 
end date of this eruption is treated according to the ‘early month’ category of Table 2.1, 
however, this results in a duration uncertainty of > 50 % and the eruption is excluded 
from the analyses of this study.
April 1909: Excluded. An eruption starting in April 1909 is reported by Stieltjes and 
Moutou (1989), and is treated according to the ‘nearest month’ category of Table 2.1, 
however the end date is unknown.
#47. November 1910. For this eruption we use the start date 16 November 1910 and 
end date 12 December 1910 reported by Stieltjes and Moutou (1989).
#48. July 1913. For this eruption we use the start date 10 July 1913 and end date 3 
August 1913 reported by Stieltjes and Moutou (1989).
July 1915: Excluded. Stieltjes and Moutou (1989) report an eruption starting on 22 
July 1915 and ending after the 27 July 1915. The uncertain end date of this eruption 
has led us to exclude it from the study.
#49. September 1915. A  less than 1 day eruption on 8 September 1915 is reported by 
Stieltjes and Moutou (1989).
#50. October 1915. For this eruption we use the start date 8 October 1915 and end date 
20 October 1915 reported by Stieltjes and Moutou (1989).
#51. November 1915. For this eruption we use the start date 9 November 1915 and 
end date 21 November 1915 reported by Stieltjes and Moutou (1989).
#52. April 1917. A  less than 1 day eruption on 29 April 1917 is reported by Stieltjes 
and Moutou (1989).
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#53. June 1920. For this eruption we use the start date 28 June 1920 and end date 4 
July 1920 reported by Stieltjes and Moutou (1989).
#54. October 1920. For this eruption we use the start date 10 October 1920 and end 
date 18 October 1920 reported by Stieltjes and Moutou (1989).
November 1921: Excluded. Stieltjes and Moutou (1989) report an eruption starting on 
27 November 1921 and ending on 3 December 1921. However, activity is described as 
‘continuing afterwards’ so this date cannot be considered the true end of the eruption 
and therefore the eruption is excluded from this study.
May 1924: Excluded. An eruption is reported to have started on 19 May 1924 by Stielt­
jes and Moutou (1989) with a duration of > 4 days, however the precise end date is 
unknown.
#55. September 1924. For this eruption we use the start date 3 September 1924 and 
end date 13 September 1924 reported by Stieltjes and Moutou (1989).
#56. December 1925. A  less than 1 day eruption on 30 December 1925 is reported by 
Stieltjes and Moutou (1989).
January 1926: Excluded. Many small lava flows are reported by Stieltjes and Moutou 
(1989) between January and April 1926. It is unclear whether these are several short 
eruptions or one longer eruption with many lava flows and therefore it is excluded from 
this study.
#57. September 1926. For this eruption we use the start date 18 September 1926 and 
end date 19 September 1926 reported by Stieltjes and Moutou (1989).
#58. November 1926. For this eruption we use the start date 5 November 1926 and end 
date 8 November 1926 reported by Stieltjes and Moutou (1989).
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#59. January 1927. For this eruption we use the start date 11 January 1927 and end 
date 20 January 1927 reported by Stieltjes and Moutou (1989).
#60. February 1927. Stieltjes and Moutou (1989) report an eruption starting in the 
beginning of February 1927 and ending on 20 February 1927. The start date of this 
eruption is treated according to the ‘early month’ category of Table 2.1.
April 1927: Excluded. Stieltjes and Moutou (1989) report an eruption starting on 28 
April 1927, however, the end date is unknown.
June 1927: Excluded. Stieltjes and Moutou (1989) report an eruption starting in the 
beginning of June 1927 and is treated according to the ‘early month’ category of Table
2.1, however, the end date is unknown.
#61. December 1929. For this eruption we use the start date 23 December 1929 and 
end date 31 December 1929 reported by Stieltjes and Moutou (1989).
#62. May 1930. For this eruption we use the start date 23 May 1930 and end date 24 
May 1930 reported by Stieltjes and Moutou (1989).
January 1931: Excluded. Stieltjes and Moutou (1989) report an eruption starting in 
January 1931 and is treated according to the ‘nearest month’ category of Table 2.1, 
however, the end date is unknown.
#63. February 1931. Stieltjes and Moutou (1989) report an eruption starting in Febru­
ary and ending in May 1931 and have both been treated according to the ‘nearest 
month’ category of Table 2.1.
#64. June 1931. This eruption is reported by Stieltjes and Moutou (1989) as starting 
on 14 June 1931 and ending at the end of June 1931. The end date of this eruption is 
treated according to the Tate month’ category of Table 2.1.
373
APPENDIX C. PITONDE LA FOURNAISE ERUPTIONS
July 1931: Excluded. Stieltjes and Moutou (1989) report an eruption starting on 15 
July 1931 and ending at the end of July 1931. The end date of this eruption is treated 
according to the Tate month’ category of Table 2.1. Stieltjes and Moutou (1989) state 
that the start date of this eruption is uncertain and therefore this eruption is excluded 
from this study.
#65. August 1931. This eruption is reported by Stieltjes and Moutou (1989) as starting 
on 4 August 1931 and ending at the end of August 1931. The end date of this eruption 
is treated according to the Tate month’ category of Table 2.1.
November 1932: Excluded. Stieltjes and Moutou (1989) report an eruption starting and 
ending in November 1932 and both dates are treated according to the ‘nearest month’ 
category of Table 2.1, however, this results in a duration uncertainty of > 50 % and the 
eruption is excluded from the analyses of this study.
#66. June 1933. For this eruption we use the start date 7 June 1933 and end date 15 
December 1933 reported by Stieltjes and Moutou (1989).
September 1933: Excluded. Stieltjes and Moutou (1989) report an eruption starting on 
19 September 1933, however the end date is unknown.
#67. November 1933j. A  less than 1 day eruption on 1 November 1933 is reported by 
Stieltjes and Moutou (1989).
#68. November 1933a. For this eruption we use the start date of 11 November 1933 
and end date 13 November 1933 reported by Stieltjes and Moutou (1989).
#69. February 1934. For this eruption we use the start date 5 February 1934 and end 
date 23 February 1934 reported by Stieltjes and Moutou (1989).
#70. March 1934. For this eruption we use the start date 30 March 1934 and end date 
1 April 1934 reported by Stieltjes and Moutou (1989).
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1935: Excluded. An eruption in the year 1935 is reported by Stieltjes and Moutou 
(1989), however, the end date is unknown and the start year is uncertain.
September 1936: Excluded. The Smithsonian Institution’s Global Volcanism Program 
(Siebert et al., 2010; Venzke et al., 2013) reports an eruption starting in September 
1936 and it is treated according to the ‘nearest month’ category of Table 2.1. How­
ever, the end date is unknown and alternative sources for this eruption have not been 
found.
#71. August 1937. For this eruption we use the start date 13 August 1937 and end date 
12 September 1937 reported by Stieltjes and Moutou (1989).
#72. November 1937. For this eruption we use the start date 5 November 1937 and end 
date 25 November 1937 reported by Stieltjes and Moutou (1989).
#73. July 1938. For this eruption we use the start date 25 July 1938 and end date 29
July 1938 reported by Stieltjes and Moutou (1989).
#74. December 1938. Stieltjes and Moutou (1989) report two eruptions between De­
cember 1938 and January 1939 (7 December-25 December 1938 and 2 January-15 
January 1939). The period of inactivity between these two eruptions is < 10 days and 
therefore a single eruption starting on 7 December 1938 and ending on 15 January 
1939 is used in this study.
1941: Excluded. An eruption in the year 1941 is reported by Stieltjes and Moutou 
(1989), however, the end date is unknown and the start year is uncertain.
#75. October 1942. For this eruption we use the start date 5 October 1942 and end date 
25 October 1942 reported by Stieltjes and Moutou (1989).
#76. April 1943. For this eruption we use the start date 4 April 1943 and end date 25
April 1943 reported by Stieltjes and Moutou (1989).
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#77. April 1944. For this eruption we use the start date 11 April 1944 and end date 1 
May 1944 reported by Stieltjes and Moutou (1989).
#78. April 1945. For this eruption we use the start date 15 April 1945 and end date 6 
May 1945 reported by Stieltjes and Moutou (1989).
#79. June 1946. For this eruption we use the start date 18 June 1946 and end date 5 
July 1946 reported by Stieltjes and Moutou (1989).
1947:Excluded. An eruption in the year 1947 is reported by Stieltjes and Moutou 
(1989), however, the end date is unknown and the start year is uncertain.
#80. February 1948. For this 1948 eruption we use the start date 14 February 1948 and 
end date 8 March 1948 reported by Stieltjes and Moutou (1989).
October 1949: Excluded. The Smithsonian Institution’s Global Volcanism Program 
(Siebert et al., 2010; Venzke et al., 2013) reports an eruption starting in October 1949 
and it is treated according to the ‘nearest month’ category of Table 2.1. However, the 
end date is unknown and alternative sources for this eruption have not been found.
#81. February 1950. For this eruption we use the start date 25 February 1950 and end 
date 2 April 1950 reported by Stieltjes and Moutou (1989).
#82. August 1950. For this eruption we use the start date 30 August 1950 and end date 
5 September 1950 reported by Stieltjes and Moutou (1989).
June 1951: Excluded. The Smithsonian Institution’s Global Volcanism Program (Siebert 
et al., 2010; Venzke et al., 2013) reports an eruption starting in June 1951 and it is 
treated according to the ‘nearest month’ category of Table 2.1. However, the end date 
is unknown and alternative sources for this eruption have not been found.
#83. September 1951. For this eruption we use the start date 10 September 1951 and
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end date 20 September 1951 reported by Stieltjes and Moutou (1989).
#84. May 1952. For this eruption we use the start date 19 May 1952 and end date 20 
July 1952 reported by Stieltjes and Moutou (1989).
#85. March 1953. For this eruption we use the start date 13 March 1953 and end date 
15 April 1953 reported by Stieltjes and Moutou (1989).
#86. June 1953. For this eruption we use the start date 15 June 1953 and end date 8 
July 1953 reported by Stieltjes and Moutou (1989).
December 1953: Excluded. Stieltjes and Moutou (1989) report an eruption starting in 
December 1953 and it is treated according to the ‘nearest month’ category of Table
2.1, however, the end date is unknown.
#87. January 1954. Stieltjes and Moutou (1989) report an eruption starting in January 
and ending in December 1954. Both of these dates are treated according to the ‘nearest 
month’ category of Table 2.1.
July 1955: Excluded. Stieltjes and Moutou (1989) report an eruption starting in July 
1955 and it is treated according to the ‘nearest month’ category of Table 2.1, however, 
the end date is unknown.
October 1955: Excluded. Stieltjes and Moutou (1989) report an eruption starting in 
October 1955 and it is treated according to the ‘nearest month’ category of Table 2.1, 
however, the end date is unknown.
#88. March 1956. For this eruption we use the start date 8 March 1956 and end date 
15 April 1956 reported by Stieltjes and Moutou (1989).
#89. November 1956. For this eruption we use the start date 22 November 1956 and 
end date 23 November 1956 reported by Stieltjes and Moutou (1989).
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#90. December 1956. For this eruption we use the start date 30 December 1956 and 
end date 16 March 1957 reported by Stieltjes and Moutou (1989).
#91. September 1957. For this eruption we use the start date 2 September 1957 and 
end date 9 September 1957 reported by Stieltjes and Moutou (1989).
#92. October 1957. For this eruption we use the start date 21 October 1957 and end 
date 16 November 1957 reported by Stieltjes and Moutou (1989).
#93. May 1958. For this eruption we use the start date 30 May 1958 and end date 31 
May 1958 reported by Stieltjes and Moutou (1989).
#94. August 1958. For this eruption we use the start date 6 August 1958 and end date 
20 September 1958 reported by Stieltjes and Moutou (1989).
#95. March 1959. For this eruption we use the start date 11 March 1959 and end date 
20 April 1959 reported by Stieltjes and Moutou (1989).
#96. August 1959. For this eruption we use the start date 4 August 1959 and end date 
6 August 1959 reported by Stieltjes and Moutou (1989).
#97. January 1960. For this eruption we use the start date 11 January 1960 and end 
date 12 January 1960 reported by Stieltjes and Moutou (1989).
#98. February 1960. For this eruption we use the start date 8 February 1960 and end 
date 10 March 1960 reported by Stieltjes and Moutou (1989).
#99. April 1961. For this eruption we use the start date 5 April 1961 and end date 25 
April 1961 reported by Stieltjes and Moutou (1989).
#100. November 1963. For this eruption we use the start date 7 November 1963 and 
end date 21 November 1963 reported by Stieltjes and Moutou (1989).
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#101. April 1964. For this eruption we use the start date 30 April 1964 and end date 8 
May 1964 reported by Stieltjes and Moutou (1989).
#102. December 1964. For this eruption we use the start date 21 December 1964 and 
end date 15 February 1965 reported by Stieltjes and Moutou (1989).
#103. March 1966. For this eruption we use the start date 15 March 1966 and end date 
15 May 1966 reported by Stieltjes and Moutou (1989).
#104. June 1972. For this eruption we use the start date 9 June 1972 and end date 11 
June 1972 reported by Stieltjes and Moutou (1989) and Peltier et al. (2009).
#105. July 1972. For this eruption we use the start date 25 July 1972 and end date 17 
August 1972 reported by Stieltjes and Moutou (1989) and Peltier et al. (2009).
#106. September 1972. For this eruption we use the start date 7 September 1972 re­
ported by Stieltjes and Moutou (1989) and Peltier et al. (2009) and end date of 27 
September 1972 reported by Stieltjes and Moutou (1989). Peltier et al. (2009) report 
an end date of 26 September 1972 and a duration uncertainty of - 1 day is assigned to 
account for this literature-derived uncertainty.
#107. October 1972. For this eruption we use the start date 8 October 1972 and end 
date 10 December 1972 reported by Stieltjes and Moutou (1989) and Peltier et al. 
(2009). Both of these sources report numerous eruptive phases during this eruption, 
however, these either overlap in time or the periods of inactivity between these phases 
are < 10 days.
#108. January 1973. For this eruption we use the start date 8 January 1973 and end 
date 16 January 1973 reported by Stieltjes and Moutou (1989).
#109. May 1973. For this eruption we use the start date 10 May 1973 reported by 
Stieltjes and Moutou (1989) and Peltier et al. (2009) and end date of 28 May 1973
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reported by Peltier et al. (2009). Stieltjes and Moutou (1989) report the end date 4 June 
1973 and a duration uncertainty of + 7 days is assigned to account for this literature- 
derived uncertainty.
#110. September 1973. For this eruption we use the start date 4 September 1973 and 
end date 5 September 1973 reported by Stieltjes and Moutou (1989).
#111. November 1975. For this eruption we use the start date 4 November 1975 and 
end date 18 November 1975 reported by Stieltjes and Moutou (1989) and Peltier et al. 
(2009).
#112. December 1975. For this eruption we use the start date 18 December 1975 and 
end date 6 April 1976 reported by Stieltjes and Moutou (1989) and Peltier et al. 
(2009).
#113. November 1976. For this eruption we use the start date 2 November 1976 re­
ported by Stieltjes and Moutou (1989) and Peltier et al. (2009) and end date of 3 
November 1976 reported by Peltier et al. (2009). Stieltjes and Moutou (1989) report an 
end date of 4 November 1976, however, The Smithsonian Institution’s monthly report 
(SEAN 01:04) indicates that the eruption started at 13:00 on 2 November and ended at 
04:00 on 3 November resulting in the 15 hour (0.63 day) duration used here.
#114. March 1977. A less than 1 day eruption on 24 March 1977 is reported by Boivin 
and Bachelery (2009) and Peltier et al. (2009).
#115. April 1977. For this eruption we use the start date 5 April 1977 and end date 16 
April 1977 reported by Boivin and Bachelery (2009) and Peltier et al. (2009).
#116. October 1977. For this eruption we use the start date 24 October 1977 and 
end date 17 November 1977 reported by Stieltjes and Moutou (1989), Boivin and 
Bachelery (2009) and Peltier et al. (2009).
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#117. May 1979. For this eruption we use the start date 28 May 1979 and end date 29 
May 1979 reported by Stieltjes and Moutou (1989), Boivin and Bachelery (2009) and 
Peltier et al. (2009).
#118. July 1979. For this eruption we use the start date 13 July 1979 reported by Stielt­
jes and Moutou (1989), Boivin and Bachelery (2009) and Peltier et al. (2009) and end 
date of 14 July 1979 reported by Peltier et al. (2009) and Boivin and Bachelery (2009). 
Stieltjes and Moutou (1989) report the end date 15 July 1979, however, The Smithso­
nian Institution’s monthly report (SEAN 04:07) indicates that the eruption started at 
18:45 on 13 July 1989 and ended at 11:30 on 14 July 1989 resulting in the 17 hour 
(0.71 days) duration used here.
#119. February 1981. For this eruption we use the start date 3 February 1981 and 
end date 5 May 1981 reported by Stieltjes and Moutou (1989), Boivin and Bachelery 
(2009) and Peltier et al. (2009).
#120. December 1983 For this eruption we use the start date 4 December 1983 and end 
date 18 February 1984 reported by Stieltjes and Moutou (1989), Boivin and Bachelery 
(2009) and Peltier et al. (2009).
#121. June 1985. For this eruption we use the start date 14 June 1985 and end date 
15 June 1985 reported by Stieltjes and Moutou (1989), Boivin and Bachelery (2009) 
and Peltier et al. (2009). The Smithsonian Institution’s monthly report (SEAN 10:06) 
indicates that the eruption started at 16:00 and ended as 16:04 on these days, and there­
fore the eruption lasted approximately 24 hours. The assigned uncertainty is therefore 
attributed according to the ‘nearest hour’ category of Table 2.1.
#122. August 1985. For this eruption we use the start date 5 August reported by Stielt­
jes and Moutou (1989), Boivin and Bachelery (2009) and Peltier et al. (2009) and 
the end date 10 October 1985 reported by Boivin and Bachelery (2009) and Peltier
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et al. (2009). Stieltjes and Moutou (1989) report the end date 16 October 1985 and 
a duration uncertainty of + 6 days is assigned to account for this literature-derived 
uncertainty.
#123. December 1985j. For this eruption we use the start date 2 December 1985 re­
ported by Stieltjes and Moutou (1989) and Boivin and Bachelery (2009) and the end 
date 3 December 1985 reported by Stieltjes and Moutou (1989), Boivin and Bachelery 
(2009) and Peltier et al. (2009). Peltier et al. (2009) report the start date 1 Decem­
ber 1985, however, descriptions within The Smithsonian Institution’s monthly report 
(SEAN 10:12) indicates that the eruption started on 2 December 1985 with a duration 
of 28 hours (1.17 days). This duration is used here.
#124. December 1985a. For this eruption we use the start date 29 December 1985 
reported by Stieltjes and Moutou (1989), Boivin and Bachelery (2009) and Peltier et al. 
(2009). The end date of this eruption is reported by Peltier et al. (2009) as 7 February 
1986, by Boivin and Bachelery (2009) as 8 February 1986 and by Stieltjes and Moutou 
(1989)as 18 February 1986. Here the end date of Boivin and Bachelery (2009) is used 
and duration uncertainties of + 1 0  days and - 1 day are assigned to account for this 
literature-derived uncertainty.
#125. March 1986. For this eruption we use the start date 19 March 1986 reported by 
Stieltjes and Moutou (1989), Boivin and Bachelery (2009) and Peltier et al. (2009) 
and end date 5 April 1986 reported by Boivin and Bachelery (2009) and Peltier et al. 
(2009). Stieltjes and Moutou (1989) report the end date 1 April and a duration un­
certainty of - 4 days has been assigned to account for this literature-derived uncer­
tainty.
#126. July 1986. A short, less than 1 day duration eruption is reported between the 13 
and 14 July 1986 (Boivin and Bachelery, 2009; Peltier et al., 2009). The Smithsonian 
Institution’s monthly report (SEAN 10:12) states that this eruption started at 18:10 on
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13 July and ended at 00:10 on 14 July, resulting in the 6 hour (0.25 days) duration used 
here.
#127. November 1986j. For this eruption we use the start date 12 November 1986 and 
end date 13 November 1986 reported by Boivin and Bachelery (2009) and Peltier et al. 
(2009).
#128. November 1986a. For this eruption we use the start date 26 November 1986 
and end date 27 November 1986 reported by Stieltjes and Moutou (1989), Boivin and 
Bachelery (2009) and Peltier et al. (2009).
#129. December 1986. For this eruption we use the start date 6 December 1986 re­
ported by Stieltjes and Moutou (1989), Boivin and Bachelery (2009) and Peltier et al. 
(2009) and the end date 6 January 1987 reported by Boivin and Bachelery (2009) and 
Peltier et al. (2009). Stieltjes and Moutou (1989) report an end date of 7 January 1987 
and a duration uncertainty of + 1 day is assigned to the eruption end date to account 
for this literature-derived uncertainty.
#130. June 1987. For this eruption we use the start date 10 June 1987 and end date 29 
June 1987 reported by Stieltjes and Moutou (1989), Boivin and Bachelery (2009) and 
Peltier et al. (2009).
#131. July 1987. For this eruption we use the start date 19 July 1987 and end date 20 
July 1987 reported by Stieltjes and Moutou (1989), Boivin and Bachelery (2009) and 
Peltier et al. (2009). The Smithsonian Institution’s monthly report (SEAN 08/1987) 
states that this eruption lasted approximately 37 hours and a duration of 1.33 days is 
used here.
#132. November 1987j. For this eruption we use the start date 6 November 1987 and 
end date 8 November 1987 reported by Stieltjes and Moutou (1989), Boivin and Bachelery 
(2009) and Peltier et al. (2009).
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#133. November 1987a. For this eruption we use the start date 30 November 1987 and 
end date 1 January 1988 reported by Boivin and Bachelery (2009) and Peltier et al. 
(2009).
#134. February 1988. For this eruption we use the start date 7 February 1988 and 
end date 2 April 1988 reported by Boivin and Bachelery (2009) and Peltier et al. 
(2009).
#135. May 1988. For this eruption we use the start date 18 May 1988 and end date 1 
August 1988 reported by Boivin and Bachelery (2009) and Peltier et al. (2009).
#136. August 1988. For this eruption we use the start date 31 August 1988 reported 
by Boivin and Bachelery (2009) and Peltier et al. (2009) and the end date 12 Septem­
ber 1988 reported by Peltier et al. (2009). Boivin and Bachelery (2009) report this 
eruption lasting far longer and ending on 26 October 1988, however, The Smithsonian 
Institution’s monthly report (SEAN 13:09) indicates that strong degassing followed 
the eruptions end in September and it was this that continued into October. Here we 
have chosen to exclude the end date of Boivin and Bachelery (2009) and use the dates 
reported by Peltier et al. (2009).
#137. December 1988. For this eruption we use the start date 14 December 1988 and 
end date 29 December 1988 reported by Boivin and Bachelery (2009) and Peltier et al. 
(2009).
#138. January 1990. For this eruption we use the start date 18 January 1990 and end 
date 19 January 1990 reported by Boivin and Bachelery (2009) and Peltier et al. (2009). 
The Smithsonian Institution’s monthly report (SEAN 15:01 and 15:02) document this 
eruption as starting at 11:24 on 18 January and ending at 06:30 the following morning 
resulting in the 18 hour (0.75 day) duration used here
#139. April 1990. For this eruption we use the start date 18 April 1990 and end date 8
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May 1990 reported by Boivin and Bachelery (2009) and Peltier et al. (2009).
#140. July 1991. For this eruption we use the start date 19 July 1991 and end date 
20 July 1991 reported by Boivin and Bachelery (2009) and Peltier et al. (2009). The 
Smithsonian Institution’s monthly report (SEAN 15:01 and 15:02) reports this eruption 
starting at 03:50 on 19 July and ending at 20:00 on 20 July resulting in the 28 hour (1.17 
day) duration used here.
#141. August 1992. For this eruption we use the start date 27 August 1992 and end 
date 23 September 1992 reported by Boivin and Bachelery (2009) and Peltier et al. 
(2009).
#142. March 1998. For this eruption we use the start date 9 March 1998 reported by 
Boivin and Bachelery (2009), Coppola et al. (2009) and Peltier et al. (2009) and end 
date 21 September 1998 reported by Boivin and Bachelery (2009) and Peltier et al. 
(2009). The duration given by Coppola et al. (2009) also supports this end date.
#143. July 1999. For this eruption we use the start date 19 July 1999 reported by Cop­
pola et al. (2009), Peltier et al. (2009) and Fukushima et al. (2010) and end date 31 
July 1999 reported by Peltier et al. (2009) and Fukushima et al. (2010). The duration 
given by Coppola et al. (2009) also supports this end date.
#144. September 1999. For this eruption we use the start date 28 September 1999 re­
ported by Coppola et al. (2009), Peltier et al. (2009) and Fukushima et al. (2010) and 
end date 23 October 1999 reported by Peltier et al. (2009) and Fukushima et al. (2010). 
The duration given by Coppola et al. (2009) also supports this end date.
#145. February 2000. For this eruption we use the start date 14 February 2000 reported 
by Fukushima et al. (2005) and end date 3 March 2000 reported by Peltier et al. (2009). 
Coppola et al. (2009) and Peltier et al. (2009) report the start date 13 February 2000 
and Fukushima et al. (2005) report the end date 4 March 2000. The Smithsonian
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Institution’s monthly report (BGVN 25:07) indicates that the earlier start date was the 
beginning of a seismic crisis and the later end date refers to gas piston events before 
the seismic activity ended. We have therefore chosen the dates which best relate to 
the volcanic activity, however, a + 1 day duration uncertainty is assigned to both the 
eruptions start and end date to account for this literature-derived uncertainty.
#146. June 2000. For this eruption we use the start date 23 June 2000 reported by 
Coppola et al. (2009), Peltier et al. (2009) and Fukushima et al. (2010) and the end 
date 30 July 2000 reported by Peltier et al. (2009) and Fukushima et al. (2010). The 
duration given by Coppola et al. (2009) also supports this end date.
#147. October 2000. For this eruption we use the start date 12 October 2000 reported 
by Coppola et al. (2009) and Peltier et al. (2009) and the end date 13 November 2000 
reported by Peltier et al. (2009). The duration given by Coppola et al. (2009) also 
supports this end date.
#148. March 2001. For this eruption we use the start date 27 March 2001 reported by 
Coppola et al. (2009) and Peltier et al. (2009) and the end date 4 April 2001 reported 
by Peltier et al. (2009). The duration given by Coppola et al. (2009) also supports this 
end date.
#149. June 2001. For this eruption we use the start date 11 June 2001 reported by 
Coppola et al. (2009) and Peltier et al. (2009, 2011) and the end date 7 July 2001 
reported by Peltier et al. (2009). The duration given by Coppola et al. (2009) also 
supports this end date.
#150. January 2002. For this eruption we use the start date 5 January 2002 reported 
by Coppola et al. (2009) and Peltier et al. (2009) and the end date 16 January 2002 
reported by Peltier et al. (2009). Coppola et al. (2009) give a duration of 12 days and 
a + 1 day duration uncertainty is assigned to the eruption end date to account for this
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literature-derived uncertainty.
#151. November 2002. For this eruption we use the start date 16 November 2002 re­
ported by Coppola et al. (2009) and Peltier et al. (2009, 2011) and the end date 3 
December 2002 reported by Peltier et al. (2009). Coppola et al. (2009) give a duration 
of 18 days and a + 1 day duration uncertainty is assigned to the eruption end date to 
account for this literature-derived uncertainty.
#152. May 2003. For this eruption we use the start date 30 May 2003 reported by 
Coppola et al. (2009) and Peltier et al. (2009, 2011) and the end date 7 July 2003 
reported by Peltier et al. (2009). Coppola et al. (2009) give a far shorter duration of 24 
days which may stem from the numerous eruptive phases within this eruption reported 
by Boivin and Bachelery (2009) and Peltier et al. (2009). These phases either overlap 
in time or are separated by periods of inactivity of < 10 days and therefore a single 
eruption with a 38 day duration is reported here.
#153. August 2003. For this eruption we use the start date 22 August 2003 reported 
by Coppola et al. (2009) and Peltier et al. (2009, 2011) and end date 27 August 2003 
reported by Peltier et al. (2009). Froger et al. (2004) report the start date 23 August 
2003 and a duration uncertainty of - 1 day is assigned to account for this literature- 
derived uncertainty. Furthermore, Coppola et al. (2009) give a duration of 6 days and 
a + 1 day duration uncertainty is assigned to the eruption end date.
#154. September 2003. For this eruption we use the start date 30 September 2003 re­
ported by Coppola et al. (2009) and Peltier et al. (2009, 2011) and the end date 1 
October 2003 reported by Peltier et al. (2009). Coppola et al. (2009) give a duration of 
0.5 days which is covered in the duration uncertainty of this eruption.
#155. December 2003. For this eruption we use the start date 7 December 2003 re­
ported by Coppola et al. (2009) and Peltier et al. (2009, 2011) and the end date 25
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December 2003 reported by Peltier et al. (2009). The duration given by Coppola et al. 
(2009) also supports this end date.
#156. January 2004. For this eruption we use the start date 8 January 2004 reported 
by Coppola et al. (2009) and Peltier et al. (2009) and the end date 10 January 2004 
reported by Peltier et al. (2009). The duration given by Coppola et al. (2009) also 
supports this end date.
#157. May 2004. For this eruption we use the start date 2 May 2004 reported by Cop­
pola et al. (2009) and Peltier et al. (2008,2009) and the end date 18 May 2004 reported 
by Peltier et al. (2008,2009). The duration given by Coppola et al. (2009) also supports 
this end date.
#158 August 2004. For this eruption we use the start date 12 August 2004 reported by 
Coppola et al. (2009) and Peltier et al. (2009, 2011) and the end date 16 October 2004 
reported by Peltier et al. (2008, 2009). The duration given by Coppola et al. (2009) 
also supports this end date, however, information within The Smithsonian Institution’s 
monthly reports (BGVN 29:12 and 30:11) indicate that the eruption started on 13 Au­
gust 2004 and ended on 4 October 2004. A duration uncertainty of - 1 day is assigned 
to the eruption start date and -12 days to the eruption end date to account for this 
literature-derived uncertainty.
#159. February 2005. For this eruption we use the start date 17 February 2005 reported 
by Coppola et al. (2009) and Peltier et al. (2008, 2009, 2011) and the end date 26 
February 2005 reported by Peltier et al. (2008, 2009). The duration given by Coppola 
et al. (2009) also supports this end date.
#160. October 2005. For this eruption we use the start date 4 October 2005 reported by 
Coppola et al. (2009) and Peltier et al. (2008,2009, 2011) and the end date 17 October 
2005 reported by Peltier et al. (2008,2009). Coppola et al. (2009) give a duration of 14
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days and a + 1 day duration uncertainty is assigned to the eruption end date to account 
for this literature-derived uncertainty.
#161. November 2005. A less than 1 day eruption on the 29 November 2005 is reported 
by Peltier et al. (2008, 2009, 2011) and Coppola et al. (2009).
#162. December 2005. For this eruption we use the start date 26 December 2005 re­
ported by Coppola et al. (2009) and Peltier et al. (2008, 2009, 2011) and the end date 
18 January 2005 reported by Peltier et al. (2009). The duration given by Coppola et al. 
(2009) also supports this end date, however, Peltier et al. (2008) reports the end date 
17 January 2005 and a duration uncertainty of - 1 day is assigned to account for this 
literature-derived uncertainty.
#163. July 2006. For this eruption we use the start date 20 July 2006 reported by Cop­
pola et al. (2009) and Peltier et al. (2009, 2011) and the end date 14 August 2006 
reported by Peltier et al. (2009). Coppola et al. (2009) give a duration of 26 days and 
a + 1 day duration uncertainty is assigned to the eruption end date to account for this 
literature-derived uncertainty.
#164. August 2006. For this eruption we use the start date 30 August 2006 reported 
by Coppola et al. (2009) and Peltier et al. (2009, 2011) and the end date 1 January 
2007 reported by Peltier et al. (2009). The duration given by Coppola et al. (2009) also 
supports this end date.
#165. February 2007. For this eruption we use the start date 18 February 2007 reported 
by Coppola et al. (2009) and Peltier et al. (2009, 2011) and the end date 19 February 
2007 reported by Staudacher et al. (2009) and Peltier et al. (2009). Coppola et al. 
(2009) give a duration of 0.38 days for this eruption which is covered in the duration 
uncertainty of this eruption.
#166. March 2007. For this eruption we use the start date 30 March 2007 reported
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by Coppola et al. (2009) and Peltier et al. (2009, 2011) and the end date 1 May 2007 
reported by Staudacher et al. (2009) and Peltier et al. (2009). Coppola et al. (2009) give 
a far shorter duration of 0.38 days which may either be a repeat of the previous duration 
(which is reported as the same) or stem from the numerous eruptive phases within this 
eruption reported by Peltier et al. (2009). These phases either overlap in time or are 
separated by periods of inactivity of < 10 days and therefore a single eruption with a 
32 day duration is reported here.
#167. September 2008. For this eruption we use the start date 21 September 2008 and 
the end date 2 October 2008 reported by Staudacher (2010).
#168. November 2008. For this eruption we use the start date 27 November 2008 and 
the end date 28 November 2008 reported by Staudacher (2010).
#169. December 2008. For this eruption we use the start date 14 December 2008 and 
the end date 4 February 2009 reported by Staudacher (2010). The Smithsonian Insti­
tution’s monthly report (BGVN 34:02) contains information about this eruption indi­
cating that although the seismic activity began on this date the eruption started on 15 
December 2008. A duration uncertainty of -1 day is assigned to the eruption start date 
to account for this literature-derived uncertainty.
#170. November 2009. The Smithsonian Institution’s monthly reports (BGVN 34:03 
and 37:03) document an eruption starting on 5 November 2009 and ending on 12 Jan­
uary 2010. These dates are used here.
#171. October 2010. The Smithsonian Institution’s monthly report (BGVN 37:03) doc­
uments an eruption starting on 14 October 2010 and ending on 31 October 2010. These 
dates are used here.
#172. December 2010. The Smithsonian Institution’s monthly report (BGVN 37:03) 
documents an eruption starting on 9 December 2010 and ending on 10 December 2010.
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These dates are used here.
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Appendix D 
Additional information regarding the 
Icelandic dataset
The following section contains information about the reported start dates, end dates 
and eruption durations of the 163 historical Icelandic eruptions from Askja, Brenniste- 
infjoll, Eyjafjallajokull, Grfmsvotn, Hekla, Katla, Krafla, Krysuvfk, Kverkfjoll, Orae- 
fajokull, Torfajokull and Vestmannaeyjar reported between the years 1300 AD and 
2011 inclusive. In each case any discrepancies in the reported dates are discussed and 
the duration uncertainty assigned in this study explained. A summary of this infor­
mation is included within Table D.l. Many eruptions only have start years associated 
with them and unless otherwise stated this year is sourced from catalogue compiled by 
The Smithsonian Institution’s Global Volcanism Program (Siebert et al., 2010; Ven- 
zke et al., 2013). Eruptions with durations used in this study are numbered in Table 
3.5; these numbers are reported in column one of Table D.l and precede the eruption 
paragraph in the following section.
Section D.14 provides the same information for the fire events documented for Iceland. 
Each of these is given an identification letter which refers to the ID column in Table 
3.6.
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Table D.l: Table containing the 163 historical Icelandic eruptions from Askja, 
Brennisteinfjoll, Eyjafjallajokull, Grfmsvotn, Hekla, Katla, Krafla, Krysuvlk, Kverkfjoll, 
Oraefajokull, Torfajokull and Vestmannaeyjar reported for the period 1300-2011
# System
Start
Year
Preferred Date Duration U/C
Start End Duration + -
Askja 1300
Krafla 1300
1 Hekla 1300 11-07-1300 15-07-1301 369 15.5 15.5
Grfmsvotn 1310 15-11-1310 15 15
Katla 1311 18-01-1311 0.5 0.5
Krysuvfk 1325
Grfmsvotn 1332 15-11-1332 15 15
Krysuvfk 1340
Brennisteinfjoll 1341
Grfmsvotn 1341 15-05-1341 15 15
Hekla 1341 19-05-1341 0.5 0.5
Grfmsvotn 1350
Grfmsvotn 1354
Katla 1357
Oraefajokull 1362 15-06-1362 15-10-1362 122 60 60
Grfmsvotn 1369
Grfmsvotn 1370
Hekla 1389 01-12-1389 01-07-1390 212 212.5 212.5
Grfmsvotn 1390
Katla 1416
Grfmsvotn 1430
Hekla 1440
Katla 1440
Grfmsvotn 1450
Katla 1450
Grfmsvotn 1469
Grfmsvotn 1470
Grfmsvotn 1471
Torfajokull 1477 15-03-1477 15 15
Continued on next page...
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Table D.l -  Continued
# System
Start
Year
Preferred Date
Duration
Duration U/C
Start End + -
Katla 1485
Grimsvotn 1490
Grimsvotn 1500
Katla 1500
Grimsvotn 1509
Hekla 1510 25-07-1510 0.5 0.5
Grimsvotn 1521
Grimsvotn 1530
Katla 1550
2 Hekla 1554 05-05-1554 15-06-1554 41 20 20
Katla 1580 11-08-1580
3 Hekla 1597 03-01-1597 15-07-1597 193 15.5 15.5
Grimsvotn 1598 07-11-1598
Grimsvotn 1603 31-10-1603 15-11-1603 15 15.5 15.5
Grimsvotn 1610
Katla 1612 12-10-1612 0.5 0.5
Eyjafjallajokull 1613
Hekla (?) 1619 29-07-1619 0.5 0.5
Grimsvotn 1622
Katla 1625 02-09-1625 14-09-1625 12 1 1
Grimsvotn 1629
Grimsvotn 1632
4 Hekla 1636 08-05-1636 15-05-1637 372 15.5 15.5
Vestmannaeyjar 1637 15-10-1637 28-02-1638 136 75 75
Grimsvotn 1638 24-02-1638 4 4
Kverkfjoll 1655 15-04-1655 45 45
Grimsvotn 1659 15-11-1659 15 15
Katla 1660 03-11-1660 01-07-1661 240 183 183
Grimsvotn 1665
Grimsvotn 1681 10-04-1681 0.5 0.5
5 Grimsvotn 1684 20-12-1684 10-01-1685 21 1 1
Continued on next page...
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Table D .l -  Continued
Start Preferred Date Duration U/C
# System Year Start End Duration + -
6 Hekla
Grimsvotn
1693
1697
13-02-1693 01-11-1693 261 45.5 75
Grimsvotn 1706 15-10-1706 45 45
Grimsvotn 1716 06-10-1716 0.5 0.5
Katla 1721 11-05-1721 15-10-1721 157 45.5 45.5
Krafla 1724 17-05-1724 18-05-1724 1 1 1
Grimsvotn 1725 15-02-1725 15 15
Hekla 1725 02-04-1725 0.5 0.5
7 Oraefajokull 1727 05-08-1727 15-04-1728 254 20 20
Krafla 1727 21-08-1727 0.5 0.5
Krafla 1728 18-04-1728 0.5 0.5
Krafla 1728 18-12-1728 0.5 0.5
Krafla 1729 30-06-1729 25-09-1729 87 5.5 5.5
Kverkfjoll 1729 15-02-1729 45 45
Kverkfjoll 1729 15-08-1729 15 15
Grimsvotn 1730
8 Krafla 1746 10-07-1746 10-07-1746 0.5 0.04 0.04
Grimsvotn 1753 15-10-1753 45 45
9 Katla 1755 17-10-1755 13-02-1756 119 1 1
10 Hekla 1766 05-04-1766 01-05-1768 757 30.5 30.5
11 Grimsvotn 1783 08-06-1783 07-02-1784 244 1 1
Grimsvotn 1785 26-05-1785 0.5 0.5
Grimsvotn 1794 15-07-1794 45 45
Askja 1797
Grimsvotn 1816 15-05-1816 15-06-1816 31 30 30
12 Eyjafjallajokull 1821 15-12-1821 01-02-1823 427 75 75
Grimsvotn 1823 04-02-1823 4.5 4.5
13 Katla 1823 26-06-1823 23-07-1823 27 1 1
Grimsvotn 1838 15-06-1838 15 15
14 Hekla
Grimsvotn
1845
1854
02-09-1845 05-04-1846 215 5.5 2.5
Continued on next page...
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Table D.l -  Continued
Start Preferred Date Duration U/C
# System Year Start End Duration + -
15 Katla 1860 08-05-1860 27-05-1860 19 1 1
Grimsvotn 1861 15-05-1861 15 15
Grimsvotn 1867 26-08-1867 0.5 0.5
16 Grimsvotn 1873 08-01-1873 25-01-1873 17 1 1
17 Askja 1875 18-02-1875 25-02-1875 7 1 1
18 Askja 1875 10-03-1875 23-03-1875 13 1.5 1
19 Askja 1875 28-03-1875 29-03-1875 0.6 0.04 0.04
20 Askja 1875 04-04-1875 15-04-1875 11 5.5 4.5
21 Askja 1875 15-08-1875 17-10-1875 63 1 1
22 Hekla 1878 27-02-1878 15-04-1878 47 15.5 15.5
23 Grimsvotn 1883 15-01-1883 15-04-1883 90 5.5 5.5
Grimsvotn 1887 15-08-1887 01-07-1889 686 183 183
Grimsvotn 1891 15-11-1891 16-03-1892 122 15.5 15.5
Grimsvotn 1897
Vestmannaeyjar 1896 15-09-1896 15 15
Grimsvotn (?) 1903 28-05-1903 12-01-1904 229 15.5 15.5
Grimsvotn 1910
24 Hekla 1913 25-04-1913 18-05-1903 23 1 1
25 Katla
Askja
Grimsvotn
1918
1919 
1919
12-10-1918 04-11-1918 23 1 1
Askja 1921 15-03-1921 0.5 0.5
Grimsvotn 1922 29-09-1922 23-10-1922 24 1 1
Askja 1922 15-11-1922 0.5 0.5
Askja 1923
Askja 1923
Askja 1924
Askja 1926 15-07-1926 45 45
Kverkfjoll 1929 15-01-1929 15-02-1929 31 30 30
Grimsvotn 1933 29-11-1933 09-12-1933 10 1 1
26 Grimsvotn 1934 30-03-1934 11-04-1934 12 4.5 4.5
Continued on next page...
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Table D .l -  Continued
# System
Start
Year
Preferred Date
Duration
Duration U/C
Start End + -
Askja 1938 19-12-1938 0.5 0.5
Grimsvotn 1938 15-05-1938 15 15
Grimsvotn 1939 15-06-1939 15 15
Grimsvotn 1941 15-04-1941 15-08-1941 122 30 30
Grimsvotn 1945 25-07-1945 0.5 0.5
27 Hekla 1947 29-03-1947 22-04-1948 390 3.5 1.5
Grimsvotn 1948 15-02-1948 15 15
Grimsvotn 1954 15-01-1954 45 45
Grimsvotn 1954 15-07-1954 15 15
28 Katla 1955 25-06-1955 25-06-1955 0.5 0.04 0.04
Kverkfjoll 1959
29 Askja 1961 26-10-1961 17-12-1961 52 1 12.5
30 Vestmannaeyjar 1963 06-11-1963 30-04-1964 176 1 1
31 Vestmannaeyjar 1964 09-06-1964 17-10-1965 495 1 1
32 Vestmannaeyjar 1965 26-12-1965 05-06-1967 526 1 1
Kverkfjoll 1968 23-05-1968 15-06-1967 23 15.5 15.5
33 Hekla 1970 05-05-1970 05-07-1970 61 5.5 5.5
Grimsvotn 1972 15-03-1972 15-04-1972 31 30 30
34 Vestmannaeyjar 1973 23-01-1973 26-06-1973 154 1 1
35 Krafla 1975 20-12-1975 20-12-1975 0.2 0.04 0.04
36 Krafla 1977 27-04-1977 27-04-1977 0.5 0.04 0.04
37 Kralfa 1977 08-09-1977 08-09-1977 0.2 0.04 0.04
38 Krafla 1980 16-03-1980 16-03-1980 0.25 0.04 0.04
39 Krafla 1980 10-07-1980 18-07-1980 8 1 1
40 Hekla 1980 17-08-1980 20-08-1980 3 1 1
41 Krafla 1980 18-10-1980 23-10-1980 5 1 1
42 Krafla 1981 30-01-1981 04-02-1981 5 1 1
43 Hekla 1981 09-04-1981 16-04-1981 7 1 1
44 Krafla 1981 18-11-1981 23-11-1981 5 1 1
45 Grimsvotn 1983 28-05-1983 01-06-1983 4 1.5 1.5
Grimsvotn 1984 20-08-1984 0.5 0.5
Continued on next page...
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Table D.l -  Continued
# System
Start
Year
Preferred Date
Duration
Duration U/C
Start End + -
46 Krafla 1984 04-09-1984 18-09-1984 14 1 1
47 Hekla 1991 17-01-1991 11-03-1991 53 1 1
48 Gjalp 1996 30-09-1996 13-10-1996 13 1 1
49 Grimsvotn 1998 18-12-1998 28-12-1998 10 1 1
Katla 1999 18-07-1999 18-07-1999 0.5 0.04 0.04
50 Hekla 2000 26-02-2000 08-03-2000 11 1 1
51 Grimsvotn 2004 01-11-2004 06-11-2004 5 1 1
52 Eyjafjallajokull 2010 20-03-2010 12-04-2010 23 1 1
53 Eyjafjallajokull 2010 14-04-2010 22-05-2010 38 2.5 1.5
54 Grimsvotn 2011 21-05-2011 28-05-2011 7 1 1
U/C = uncertainty. Units: durations and duration uncertainties = days.
D.l Askja
A: 1300: Excluded. Precise start and end dates of this eruption are unknown.
A: 1797: Excluded. Precise start and end dates of this eruption are unknown.
#17. A: February 1875 (d6). For this eruption we use the start date 18 February 1875 
as reported by Sigurdsson and Sparks (1978) and Sparks et al. (1981) and the end date 
25 February 1875 as reported by Sparks et al. (1981).
#18. A: M a r c h 1875 (d6). For this eruption we use the start date 10 March 1875 re­
ported by Sigurdsson and Sparks (1978), Sigurdsson and Sparks (1981), and Sparks 
et al. (1981). The end date of this eruption is reported as 23 March 1875 by Sparks 
et al. (1981) and 24 March 1875 by Sigurdsson and Sparks (1978). Here we use the 
end date 23 March 1875 and assign a +1 day duration uncertainty to account for this
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literature-derived uncertainty.
#19. A: M arche 1875 (d\). For this eruption we use the start date 28 March 1875 and 
the end date 29 March 1875 reported by Thorarinsson (1958), Thorarinsson and Sig- 
valdason (1962), Sigurdsson and Sparks (1978), Sigurdsson and Sparks (1981), Sparks 
et al. (1981), Carey et al. (2010) and Lupi et al. (2011). Sigurdsson and Sparks (1981) 
also provides the time of day that the eruption started and ended on these dates (21:00 
and noon respectively) and the duration 0.6 days (15 hours) is used as the duration of 
this eruption.
#20. A: April 1875 (d§). For this eruption we use the start date 4 April 1875 reported 
by Sigurdsson and Sparks (1978) and Sparks et al. (1981). The end date of this eruption 
is reported as 11 April 1875 by Sparks et al. (1981) and 20 April 1875 by Sigurdsson 
and Sparks (1978). Here we use the end date 15 April 1875 and assign a +5 and -4 day 
duration uncertainty to account for this literature-derived uncertainty.
#21. A: August 1875 (de). For this eruption we use the start date 15 August 1875 re­
ported by Thoroddsen (1925) and the end date 17 October 1875 according to the news­
paper Nordanfari (Grimsstadir, 1875) who report that the eruption ended on the ‘last 
Sunday of the summer’ (P. Einarsson pers.comm.).
A: 1919: Excluded. Precise start and end dates of this eruption are unknown.
A: March 1921: Excluded. This eruption is reported by Thorarinsson and Sigvaldason 
(1962) as starting on 15 March 1921, however, the end date is unknown.
A: November 1922: Excluded. This is reported by Thorarinsson and Sigvaldason (1962) 
as starting on 15 November 1922, however, the end date is unknown.
A: 1923(i): Excluded. Precise start and end dates of this eruption are unknown.
A: 1923(a): Excluded. Precise start and end dates of this eruption are unknown.
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A: 1924: Excluded. Precise start and end dates of this eruption are unknown.
A: July 1926: Excluded. The Smithsonian Institution’s Global Volcanism program (Siebert 
et al., 2010; Venzke et al., 2013) reports this eruption as starting on 15 July 1926 (±
45 days), however, the end date is unknown.
A: December 1938: Excluded. The Smithsonian Institution’s Global Volcanism pro­
gram (Siebert et al., 2010; Venzke et al., 2013) reports this eruption as starting on 19 
December 1938, however, the end date is unknown.
#29. A: October 1961 (dQ). For this eruption we use the start date 26 October 1961 
reported by Thorarinsson and Sigvaldason (1962). The end of this eruption is reported 
by Thorarinsson and Sigvaldason (1962) as being about a week after 28 November 
1961 and they state an end date of 17 December 1961. Here we use the end date 
of 17 December 1961 and assign a - 12 day duration uncertainty to account for this 
literature-derived uncertainty.
Chemical composition and duration type classification of Askja erup­
tions
With the exception of the 28 March 1875 eruption, the other eruptions with reliable 
durations were all effusive basaltic eruptions (Thorarinsson and Sigvaldason, 1962; 
Sigurdsson and Sparks, 1981) classified here as single basaltic eruptions with durations 
d6 (Fig. 3.7). The 28 March 1875 eruption was an explosive Plinian eruption with 
produced rhyolitic ejecta (Thorarinsson and Sigvaldason, 1962) and is therefore best 
described as a single explosive eruption with duration d\ (Fig. 3.7).
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D.2 Brennisteinfjoll
Br: 1341: Excluded. Precise start and end dates of this eruption are unknown.
D.3 Eyjafjallajokull
E: 1613: Excluded. An eruption in the year 1613 is reported by Thordarson and Hoskulds- 
son (2008) and Edwards et al. (2012), however precise start and end dates are un­
known.
#12. E: December 1821 (d2). The start and end date of this eruptive sequence is poorly 
constrained. Although Larsen (1999) report a start date of 19 December 1821, no other 
reference to this date have been found. The Smithsonian Institution’s Global Volcan- 
ism program (Siebert et al., 2010; Venzke et al., 2013) reports the eruption ending on 
1 January 1821, however, alternative sources for this date have not been found. Sam- 
monds et al. (2010) state that eruptive period lasted for 14 months, while Edwards 
et al. (2012) suggest it lasted 13 months. We have combined the available information 
to assign a ‘nearest month’ start date of December 1821 and have assumed an end date 
of 1 February 1823 ±  30 days.
#52. E: March 2010 (de). For this eruption we use the start date 20 March 2010 re­
ported by Sigmundsson et al. (2010), Donovan and Oppenheimer (2011), Sigmarsson 
et al. (2011), Edwards et al. (2012), Gudmundsson et al. (2012) and Karlsdottir et al. 
(2012) and the end date 12 April 2010 reported by Sigmundsson et al. (2010), Edwards 
et al. (2012), Gudmundsson et al. (2012) and Karlsdottir et al. (2012).
#53. E: April 2010 (d5). For this eruption we use the start date 14 April 2010 reported 
by Sigmundsson et al. (2010), Gudmundsson et al. (2010), Arason et al. (2011), Sig­
marsson et al. (2011), Edwards et al. (2012), Gudmundsson et al. (2012), Karlsdottir
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et al. (2012), Stevenson et al. (2012) and Woodhouse et al. (2013). The end date of 
this eruption is reported as 22 May 2010 by Gudmundsson et al. (2010), Edwards et al. 
(2012), Gudmundsson et al. (2012), Karlsdottir et al. (2012), Stevenson et al. (2012), 
Woodhouse et al. (2013) and 24 May 2010 by Sigmundsson et al. (2010). Here we use 
the end date 22 May 2010 and assign a duration uncertainty of + 2 days is to account 
for this literature-derived uncertainty.
Chemical composition and duration type classification of Eyjafjal- 
lajokull eruptions
The three eruption of Eyjafjallajokull have been been classified as different duration 
types according to Fig. 3.7. The 1821-1823 eruption represents a sequence of explo­
sive rhyolitic eruptions and is therefore described here as a d2 eruption. In contrast the 
March 2010 flank eruption was not explosive but is described as a basaltic effusive fis­
sure eruption by Edwards et al. (2012) and Gudmundsson et al. (2010) and is therefore 
described by the d6 category of Fig. 3.7.
The April 2010 summit eruption was non-basaltic with erupted products having 5 z0 2 
contents of 61-58 wt % (Gudmundsson et al., 2012). Gudmundsson et al. (2012), 
Karlsdottir et al. (2012) and Woodhouse et al. (2013) recognise phases within the 
eruption and indicate that it consisted of an initial explosive phase, followed by a 
dominantly effusive phase before becoming explosive once again. During the effu­
sive phase explosive activity was weak but sustained, producing 2-4 km high plumes. 
The return to explosive activity during the eruption suggests that its total duration is 
best described by the d5 category of Fig. 3.7.
These eruptions are their classification are discussed in greater detail in subsection 
3.4.3.
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D.4 Grimsvotn
G: 1310: Excluded. The Smithsonian Institution’s Global Volcanism program (Siebert 
et al., 2010; Venzke et al., 2013) reports this eruption as starting in November and it is 
treated according to the ‘nearest month’ category of Table 2.1, however, the end date 
is unknown.
G: 1332: Excluded. The Smithsonian Institution’s Global Volcanism program (Siebert 
et al., 2010; Venzke et al., 2013) reports this eruption as starting in November and it is 
treated according to the ‘nearest month’ category of Table 2.1, however, the end date 
is unknown.
G: 1341: Excluded. The Smithsonian Institution’s Global Volcanism program (Siebert 
et al., 2010; Venzke et al., 2013) reports this eruption as starting in May and it is 
treated according to the ‘nearest month’ category of Table 2.1, however, the end date 
is unknown.
G: 1350: Excluded. Precise start and end dates of this eruption are unknown.
G: 1354: Excluded. Precise start and end dates of this eruption are unknown.
G: 1369: Excluded. Precise start and end dates of this eruption are unknown.
G: 1370: Excluded. Precise start and end dates of this eruption are unknown..
G: 1390: Excluded. Precise start and end dates of this eruption are unknown.
G: 1430: Excluded. Precise start and end dates of this eruption are unknown.
G: 1450: Excluded. Precise start and end dates of this eruption are unknown.
G: 1469: Excluded. Precise start and end dates of this eruption are unknown.
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G: 1470: Excluded. Precise start and end dates of this eruption are unknown.
G: 1471: Excluded. Precise start and end dates of this eruption are unknown.
G: 1490: Excluded. Precise start and end dates of this eruption are unknown.
G: 1500: Excluded. Precise start and end dates of this eruption are unknown.
G: 1509: Excluded. Precise start and end dates of this eruption are unknown.
G: 1521: Excluded. Precise start and end dates of this eruption are unknown.
G: 1530: Excluded. Precise start and end dates of this eruption are unknown.
G: 1598: Excluded. The Smithsonian Institution’s Global Volcanism program (Siebert 
et al., 2010; Venzke et al., 2013) reports this eruption as starting on 7 November 1598, 
however, the end date is unknown.
G: October 1603: Excluded. The Smithsonian Institution’s Global Volcanism program 
(Siebert et al., 2010; Venzke et al., 2013) reports this eruption as starting on 31 October 
1603 and ending in November 1603. The end date is treated according to the ‘nearest 
month’ category of Table 2.1, however, this results in a total duration uncertainty of > 
50 % of the preferred eruption duration. Also alternative sources for these dates have 
not been found.
G: 1610: Excluded. Precise start and end dates of this eruption are unknown.
G: 1622: Excluded. Precise start and end dates of this eruption are unknown.
G: 1629: Excluded. Precise start and end dates of this eruption are unknown.
G: 1632: Excluded. Precise start and end dates of this eruption are unknown.
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G: February 1638: Excluded. The Smithsonian Institution’s Global Volcanism pro­
gram (Siebert et al., 2010; Venzke et al., 2013) reports this eruption as starting on 
24 February 1638 (±  4 days), however, the end date is unknown.
G: November 1659: Excluded. The Smithsonian Institution’s Global Volcanism pro­
gram (Siebert et al., 2010; Venzke et al., 2013) reports this eruption as starting in 
November 1659 and it is treated according to the ‘nearest month’ category of Table 
2.1, however, the end date is unknown.
G: 1665: Excluded. Precise start and end dates of this eruption are unknown.
G: April 1681: Excluded. The Smithsonian Institution’s Global Volcanism program 
(Siebert et al., 2010; Venzke et al., 2013) reports this eruption as starting on 10 April 
1681, however, the end date is unknown.
#5. G: December 1684 (d6). For this eruption we use the start date 20 December 1684 
and end date 10 January 1685 as reported by borarinsson (1974).
G: 1697: Excluded. Precise start and end dates of this eruption are unknown.
G: October 1706: Excluded. The Smithsonian Institution’s Global Volcanism program 
(Siebert et al., 2010; Venzke et al., 2013) reports this eruption as starting on 15 October 
1706 (d= 45 days), however, the end date is unknown.
G: October 1716: Excluded The Smithsonian Institution’s Global Volcanism program 
(Siebert et al., 2010; Venzke et al., 2013) reports this eruption as starting on 6 October 
1716, however, the end date is unknown.
G: February 1725: Excluded The Smithsonian Institution’s Global Volcanism pro­
gram (Siebert et al., 2010; Venzke et al., 2013) reports this eruption starting in February 
1725 and it is treated according to the ‘nearest month’ category of Table 2.1, however, 
the end date is unknown.
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G: 1730: Excluded. Precise start and end dates of this eruption are unknown.
G: October 1753: Excluded. The Smithsonian Institution’s Global Volcanism program 
(Siebert et al., 2010; Venzke et al., 2013) reports this eruption as starting on 15 October 
1753 (d= 45 days), however, the end date of this eruption is unknown.
#11. G: June 1783 (d6). For this eruption we use the start date 8 June 1783 and the end 
date 7 February 1784 reported by Thordarson and Self (1993), Thordarson and Self 
(2003) and Thordarson et al. (2003).
G: 1785: Excluded. A start date is not reported for this eruption, however, its end date 
is reported as 26 May 1785 by Thordarson and Self (1993), Thordarson and Self (2003) 
and Thordarson et al. (2003).
G: July 1794: Excluded. The Smithsonian Institution’s Global Volcanism program (Siebert 
et al., 2010; Venzke et al., 2013) reports this eruption as starting on 15 July 1794 (±
45 days), however, the end date is unknown.
G: May 1816: Excluded. The Smithsonian Institution’s Global Volcanism program (Siebert 
et al., 2010; Venzke et al., 2013) reports this eruption as starting in May 1816 and end­
ing in June 1816. If these are treated according to the ‘nearest month’ category of 
Table 2.1 the duration uncertainty would be > 50 % of the preferred eruption duration. 
Also alternative sources for these dates have not been found.
G: July 1823: Excluded. The Smithsonian Institution’s Global Volcanism program (Siebert 
et al., 2010; Venzke et al., 2013) reports this eruption as starting on 4 February 1823 
(±  4 days), however, the end date is unknown.
G: June 1838: Excluded. The Smithsonian Institution’s Global Volcanism program (Siebert 
et al., 2010; Venzke et al., 2013) reports this eruption as starting in June 1838 and it is 
treated according to the ‘nearest month’ category of Table 2.1, however, the end date
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is unknown.
G: 1854: Excluded. Precise start and end dates of this eruption are unknown.
G: May 1861: Excluded. The Smithsonian Institution’s Global Volcanism program (Siebert 
et al., 2010; Venzke et al., 2013) reports this eruption as starting in May 1861 and it is 
treated according to the ‘nearest month’ category of Table 2.1, however, the end date 
is unknown.
G: August 1867: Excluded. The Smithsonian Institution’s Global Volcanism program 
(Siebert et al., 2010; Venzke et al., 2013) reports this eruption as starting on 26 August 
1867, however, the end date is unknown.
#16. G: January 1873 (d6). For this eruption we use the start date 8 January 1873 and 
the end date 25 January 1873 as reported by Forarinsson (1974).
#23. G: January 1883 (dQ). For this eruption we use the start date 15 January 1883 and 
the end date 15 April 1883 (±  5 days) as reported by Forarinsson (1974).
G: August 1887: Excluded. The Smithsonian Institution’s Global Volcanism program 
(Siebert et al., 2010; Venzke et al., 2013) reports this eruption as starting on 15 August 
1887 and ending in the year 1889. The end date of this eruption is treated according 
to the ‘nearest year” category of Table 2.1, however, alternative sources for these dates 
have not been found.
G: November 1891: Excluded. The Smithsonian Institution’s Global Volcanism pro­
gram (Siebert et al., 2010; Venzke et al., 2013) reports this eruption as starting in 
November 1891 and ending on 16 March 1891. The start date of this eruption is 
treated according to the ‘nearest month’ category of Table 2.1, however, alternative 
sources for these dates have not been found.
G: 1897: Excluded. Precise start and end dates of this eruption are unknown.
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G: 1910: Excluded. Precise start and end dates of this eruption are unknown.
G: 1919: Excluded. Precise start and end dates of this eruption are unknown.
G: September 1922: Excluded. The Smithsonian Institution’s Global Volcanism pro­
gram (Siebert et al., 2010; Venzke et al., 2013) reports this eruption as starting on 29 
September 1922 and ending on 23 October 1923, however, alternative sources for these 
dates have not been found.
G: November 1933: Excluded. The Smithsonian Institution’s Global Volcanism pro­
gram (Siebert et al., 2010; Venzke et al., 2013) reports this eruption as starting on 
29 November 1933 and ending on 9 December 1933, however, however, alternative 
sources for these dates have not been found.
#26. G: March 1934 (d6). For this eruption we use the start date 30 March 1934 re­
ported by Forarinsson (1974) and Gudmundsson (2005). Reported end dates for this 
eruption range from 7 April 1934 to 15 April 1934 (P. Einarsson pers. comm.). Here 
we use the end date 11 April 1934 reported by Forarinsson (1974) and a duration 
uncertainty of =L 4 days has been assigned to account for this literature-derived uncer­
tainty.
G: May 1938: Excluded. This eruption is reported by Gudmundsson (2005) as starting 
in May 1938 and is treated according to the ‘nearest month’ category of Table 2.1, 
however, the end date is unknown.
G: June 1939: Excluded. The Smithsonian Institution’s Global Volcanism program (Siebert 
et al., 2010; Venzke et al., 2013) reports this eruption as starting in June 1939 and it is 
treated according to the ‘nearest month’ category of Table 2.1, however, the end date 
is unknown.
G: April 1941: Excluded. The Smithsonian Institution’s Global Volcanism program
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(Siebert et al., 2010; Venzke et al., 2013) reports this eruption as starting in April 1941 
and ending in August 1941. Both the start and end date of this eruption have been 
treated according to the ‘nearest month’ categoiy of Table 2.1, however, alternative 
sources for these dates have not been found.
G: July 1945: Excluded. The Smithsonian Institution’s Global Volcanism program (Siebert 
et al., 2010; Venzke et al., 2013) reports this eruption as starting on 25 July 1945, how­
ever, the end date is unknown.
G: February 1948. The Smithsonian Institution’s Global Volcanism program (Siebert 
et al., 2010; Venzke et al., 2013) reports this eruption as starting in February 1948 and 
it is treated according to the ‘nearest month’ category of Table 2.1, however, the end 
date is unknown.
G: January 1954: Excluded. The Smithsonian Institution’s Global Volcanism program 
(Siebert et al., 2010; Venzke et al., 2013) reports this eruption as starting on 15 January 
1954 (±  45 days), however, the end date is unknown.
G: July 1954: Excluded. The Smithsonian Institution’s Global Volcanism program (Siebert 
et al., 2010; Venzke et al., 2013) reports this eruption as starting in July 1954 and it is 
treated according to the ‘nearest month’ category of Table 2.1, however, the end date 
of this eruption is unknown.
G: March 1972: Excluded. The Smithsonian Institution’s Global Volcanism program 
(Siebert et al., 2010; Venzke et al., 2013) reports this eruption as starting in March 
1972 and ending in April 1972. Both the start and end date of this eruption is treated 
according to the ‘nearest month’ category of Table 2.1, however, this results in a du­
ration uncertainty that is > 50 % of the preferred eruption duration. Also alternative 
sources for these dates have not been found.
#45. G: May 1983 (d6). For this eruption we use the start date 28 May 1983 according
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to Gronvold and Jdhannesson (1984) who state that although the eruption was first 
observed on 29 May 1983, intense seismic activity and volcanic tremor began the 
day before and most likely represents the start of the eruption. Here we assign a -1 
day duration uncertainty to account for this literature derived uncertainty. Similarly, 
activity was last observed on 1 June 1983 (Einarsson and Brandsdottir, 1984; Gronvold 
and Johannesson, 1984), however seismic activity finished the following day. Here 
we use an end date of 1 June 1983 and assign a duration uncertainty of +1 day to 
account for this literature derived uncertainty. Einarsson and Brandsdottir (1984) state 
that the eruption lasted for 3.5 days, which is covered within the uncertainty of this 
eruption.
G: August 1984: Excluded. The Smithsonian Institution’s Global Volcanism program 
(Siebert et al., 2010; Venzke et al., 2013) reports this eruption as starting on 20 August 
1984, however, the end date is unknown.
#49. G: December 1998 (d6). For this eruption we use the start date 18 December 1998 
reported by Sigmarsson et al. (2000). The Smithsonian Institution’s Global Volcanism 
program (Siebert et al., 2010; Venzke et al., 2013) reports this eruption as ending on 28 
December 1998, however, other sources reporting a specific end date for this eruption 
have not been found. Sigmarsson et al. (2000) report that the eruption had a total dura­
tion of 10 days which supports this end date and it is therefore used in this study.
#51. G: November 2004 (d6). For this eruption we use the start date 1 November 2004 
reported by Vogfjord et al. (2005), Witham et al. (2007) and Jude-Eton et al. (2012) 
and the end date 6 November 2004 reported by Vogfjord et al. (2005) and Jude-Eton 
et al. (2012).
#54. G: May 2011 (d6). For this eruption we use the start date 21 May 2011 and the 
end date 28 May reported by Nordic Volcanological Center (2013) and Tesche et al. 
(2012).
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Chemical composition and duration type classification of Grimsvotn 
eruptions
The sub-glacial nature of the Grimsvotn volcanic system makes defining the type of 
eruption difficult. Where known (eruption #11, #26, #45, #49 and #48, Table D .l) these 
eruptions are all basaltic in composition and display largely effusive activity with any 
explosive phases being phreatomagmatic or surtseyan due to their interaction with ice 
(Thordarson and Self, 1993; Jakobsson, 1979; Sigmarsson et al., 2000; Gudmundsson, 
2005). The other eruptions here are assumed to be similar and therefore all eruptions 
from Grimsvotn used in this study are attributed to the d§ category of Fig. 3.7.
D.5 Hekla
#7 H: December 1300 (<74). For this eruption we use the start date 11 July 1300 as 
reported by Thorarinsson (1967a). The precise end date of this eruption is unknown, 
however, Thorarinsson (1967a) states that the eruption lasted “approximately 12 months”. 
Here we use the end date 15 July 1301 and have assigned a duration uncertainty of + 
15 and - 15 days to account for this information. The presence of an associated tephra 
layer has been used to infer that the eruption had an explosive initial phase, how­
ever, its precise time of emplacement and thus its duration is unknown (Thorarinsson, 
1967a).
H: 1341: Excluded. This eruption is reported by Thorarinsson (1967a) and Thorarins­
son et al. (1970) to have started on 19 May 1341, however, the end date is unknown.
H: 1389: Excluded. The Smithsonian Institution’s Global Volcanism Program reports 
this eruption as starting on 1 December 1389 (±  30 days) and ending in 1390. The end 
date of this eruption is treated according to the ‘nearest year” category of Table 2.1,
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however, this results in a duration uncertainty that is > 50 % of the preferred eruption 
duration. Also alternative sources for this eruption have not been found.
H:1440: Excluded. Precise start and end dates of this eruption are unknown.
H: July 1510: Excluded. This eruption is reported by Thorarinsson (1967a) and Tho­
rarinsson et al. (1970) as starting on 25 July 1510, however, the end date is un­
known.
42. H: May 1554 (d6). This eruption is reported by Thorarinsson (1967a) as starting in 
early May or June and lasting for nearly 6 weeks. Here we use the start date 5 May 
1554 (d= 5 days) according to the ‘early month’ category of Table 2.1 and the end date 
15 June 1554 according to the ‘nearest month’ category of Table 2.1 and as reported by 
the Smithsonian Institution’s Global Volcanism Program Siebert et al. (2010); Venzke 
et al. (2013). This results in a preferred eruption duration of 41 days (slightly less than 
6 weeks) and a maximum duration uncertainty of =fc 20 days.
43. H: January 1597 (d±). For this eruption we use the start date 3 January 1597 re­
ported by Thorarinsson (1967a) and Thorarinsson et al. (1970). Thorarinsson (1967a) 
and Thorarinsson et al. (1970) report that it lasted for greater than 6 months. Here 
we use the end date 15 July 1597 (±  15 days) which results in a preferred eruption 
duration of 193 days and a maximum duration uncertainty of ±  15 days.
44. H: May 1636 (d^a, d^b and d±). For this eruption we use the start date 8 May 1636 
reported by Thorarinsson (1967a). The precise end date for this eruption is unknown, 
however, the eruption is reported as lasting ‘a good 12 months’ by Thorarinsson (1967a) 
and Thorarinsson et al. (1970) and therefore the end date 15 May 1637 (±  15 days) is 
assigned and used in this study.
46 H: February 1693 (d3a, d^b and d4). For this eruption we use the start date 13 Febru­
ary 1693 reported by Thorarinsson (1967a), however, Thorarinsson et al. (1970) report
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this eruption as starting on 13 January 1693 so a duration uncertainty of - 30 days 
has been assigned to the eruption start date to account for this literature-derived un­
certainty. The precise end date of this eruption is unknown, however, Thorarinsson 
(1967a) state that the eruption lasted ‘more than 7 month and possibly 10.5 months’. 
Here we use the end date 1 November 1693 and assign a duration uncertainty of ±  45 
days to the end date of this eruption to account for this information. The duration of 
the initial explosive phase of this eruption is is reported by Thorarinsson (1967a) as 
lasting for 12 hours.
H: April 1725: Excluded. This eruption is reported by Thorarinsson (1967a) as starting 
on 2 April 1725. Thorarinsson et al. (1970) report that the eruption lasted ‘well into 
that spring’, however, the precise end date is unknown.
#10. H: April 1766 (dsa, d^b and d±). For this eruption we use the start date 5 April 
1766 reported by Thorarinsson (1967a) and Thorarinsson et al. (1970). The precise end 
date of this eruption is unknown, however, descriptions within Thorarinsson (1967a) 
suggest that the eruption ended in April 1768 and that explosions continued into May. 
Here we use the end date 1 May 1768 ±  30 days to account for this information. It 
is worth noting that the eruption may have experienced some quiet periods between 
August 1767 and March 1768, however, the exact nature of these phases is unknown 
(Thorarinsson, 1967a). The duration of the initial explosive phase of this eruption is is 
reported by Thorarinsson (1967a) as lasting approximately 4 hours.
#14. H: September 1845 (dsa, d^b and d±). For this eruption we use the start date 2 
September 1845 reported by Thorarinsson (1967a), Thorarinsson et al. (1970), Gron­
vold et al. (1983) and Thorarinsson et al. (1973). The end of this eruption is reported 
by Gronvold et al. (1983) as 3 April 1846 and by Thorarinsson (1967a) as either 5 or 
10 April 1846. Here we use the end date 5 April 1846 and assign a duration uncertainty 
of + 5 days and - 2 days to account for this literature-derived uncertainty. The duration 
of the initial explosive phase of this eruption is is reported by Thorarinsson (1967a)
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and Thorarinsson et al. (1970) as lasting approximately 4 hours.
A small recurrence of activity at Hekla is reported on the 13th-16th August, however, 
its status as an eruption is uncertain (Thorarinsson, 1967a).
#22. H: February 1878 (d6). For this eruption we use the start date 27 February 1878 
reported by Thorarinsson et al. (1970). Thorarinsson et al. (1970) report the eruption 
was over within about 2 months and therefore the end date 15 April 1878 is used here 
and treated according to the ‘nearest month’ category of Table 2.1.
#24. H: April 1913 (cIq). For this eruption we use the start date 25 April 1913 and the 
end date 18 May 1913 as reported by Thorarinsson et al. (1970).
#27. H: March 1947 (<73a> <73& and dA). For this eruption we use the start date 29 March 
1947 reported by Forarinsson (1950), Forarinsson (1954), Thorarinsson (1967a), Tho­
rarinsson et al. (1970) and Forarinsson (1974). Thorarinsson et al. (1970) report that 
lava was last seen at Hekla on 21 April 1948 and Jakobsson et al. (2008) report this 
as the end date, however, Einarsson (1949) report this eruption as ending between 22 
and 25 April 1948. Here we use the end date 22 April 1948 and assign a duration 
uncertainty of + 3 days and - 1 day to account for this literature-derived uncertainty. 
The duration of the initial explosive phase of this eruption is reported by Thorarinsson 
(1967a) and Forarinsson (1974) as lasting approximately 1 hour.
#33. H: May 1970 (d3a, d^b and d4). For this eruption we use the start date 5 May 1970 
reported by Thorarinsson et al. (1970) and Tryggvason (1994). The end date of this 
eruption is reported by Thorarinsson et al. (1970) as 5 July 1970 and Tryggvason 
(1994) states that the eruption lasted for two months, while Gronvold et al. (1983) 
report that the eruption lasted for 64 days. It can be inferred from this that the eruption 
ended early in July and therefore we have treated this according to the ‘early month’ 
category of Table 2.1. The duration of the initial explosive phase of this eruption can
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be inferred from information within the monthly report Card 0936 (The Smithsonian 
Institution’s Global Volcanism Program) as lasting approximately 2.5 hours.
#40. H: August 1980 (d3a, d^b and d±) For this eruption we use the start date 17 August 
1980 and the end date 20 August 1980 reported by Gronvold et al. (1983) and Tryggva­
son (1994). The duration of the initial explosive phase of this eruption is inferred from 
the main ash fall period as having a duration of 2 hours (Gronvold et al., 1983).
#43. H: April 1981 (d±) For this eruption we use the start date 9 April 1981 and the 
end date 16 April 1981 reported by Gronvold et al. (1983) and Tryggvason (1994). 
The duration of the initial explosive phase of this eruption is unknown.
#47. H: January 1991 (d3a, dsb and d^) For this eruption we use the start date 17 Jan­
uary 1991 reported by Gudmundsson et al. (1992), Larsen et al. (1992), Tryggvason 
(1994), Haraldsson and Olafsdottir (2002) and Soosalu et al. (2003) and the end date 
11 March 1991 reported by Gudmundsson et al. (1992), Haraldsson and Olafsdottir 
(2002) and Soosalu et al. (2003). The duration of the initial explosive phase of this 
eruption can be inferred from information within the monthly report Cards BGVN 
15:12 and 16:01 (The Smithsonian Institution’s Global Volcanism Program) as lasting 
approximately 10 hours.
#50. H: February 2000 (7/3a> d5b and For this eruption we use the start date 26 
February 2000 and the end date 8 March 2000 reported by Haraldsson and Olafsdottir 
(2002), Haraldsson et al. (2002) and Olafsdottir et al. (2002). The start date and dura­
tion reported by Hoskuldsson et al. (2007) also support this information. The duration 
of the initial explosive phase of this eruption can be inferred from information within 
Hoskuldsson et al. (2007) as lasting approximately 4 hours.
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Chemical composition and duration type classification of Hekla erup­
tions
15 eruptions from Hekla have reported eruption durations that are considered reliable 
and used in this study. 12 of these are from Hekla’s central volcano and 3 are from 
its associated fissure swarm. Eruptions from the central volcano are either known or 
inferred to have been mixed eruptions (Fig. 3.7.), with a high silica content initial 
explosive phase followed by lower silica effusive phase (Thorarinsson, 1967a; Thor­
darson and Larsen, 2007). Each of these eruptions have a total duration d4, however the 
duration of the initial explosive phase d3a is not always available. Information about 
the explosive phase of each eruption is discussed below. The fissure swarm produces 
basaltic eruptions (Thorarinsson, 1967a; Thordarson and Larsen, 2007) and therefore 
these three eruptions fall into the single basaltic eruption category of Fig. 3.7.
D.6 Katla
Ka: 1311: Excluded. The Smithsonian Institution’s Global Volcanism program (Siebert 
et al., 2010; Venzke et al., 2013) reports this eruption as starting on 18 January 1311, 
however, the end date is unknown.
Ka: 1357: Excluded. Precise start and end dates of this eruption are unknown.
Ka: 1416: Excluded. Precise start and end dates of this eruption are unknown.
Ka: 1440: Excluded. Precise start and end dates of this eruption are unknown.
Ka:1450: Excluded. Precise start and end dates of this eruption are unknown.
Ka: 1485: Excluded. Precise start and end dates of this eruption are unknown.
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Ka: 1500: Excluded. Precise start and end dates of this eruption are unknown.
Ka: 1550: Excluded. Precise start and end dates of this eruption are unknown.
Ka: August 1580: Excluded. This eruption is reported by Eliasson et al. (2006) as start­
ing on 11 August 1580, however, the end date of this eruption is unknown.
Ka: October 1612: Excluded. This eruption is reported by Eliasson et al. (2006) as 
starting on 12 October 1612, however, the end date is unknown.
Ka: September 1625: Excluded. This eruption is reported by Thorarinsson (1958) and 
Eliasson et al. (2006) as starting on 2 September 1625. The Smithsonian Institution’s 
Global Volcanism program (Siebert et al., 2010; Venzke et al., 2013) reports this erup­
tion as ending on 14 September 1625, however, alternative sources for these dates have 
not been found.
Ka: November 1660: Excluded. This eruption is reported by Thorarinsson (1958) and 
Eliasson et al. (2006) as starting on 3 November 1660. The end date of this eruption 
is reported as the year 1661 by the Smithsonian Institution’s Global Volcanism pro­
gram (Siebert et al., 2010; Venzke et al., 2013) and is treated according to the ‘nearest 
year” category of Table 2.1, however, alternative sources for these dates have not been 
found.
Ka: May 1721: Excluded. This eruption is reported by Forarinsson (1975) and Elias­
son et al. (2006) as starting on 11 May 1721. The Smithsonian Institution’s Global 
Volcanism program (Siebert et al., 2010; Venzke et al., 2013) reports this eruption as 
ending on 15 October 1721 ( ± 4 5  days), however, alternative sources for these dates 
or additional information about this eruption have not been found.
#9. Ka: October 1755 (d6). For this eruption we use the start date 17 October reported 
by Thorarinsson (1958), Forarinsson (1975) and Eliasson et al. (2006) and the end date
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13 February 1756 reported by Forarinsson (1975).
#13. Ka: June 1823 (d&). For this eruption we use the start date 26 June 1823 reported 
by Forarinsson (1975) and Eliasson et al. (2006) and the end date 23 July 1823 reported 
by Forarinsson (1975).
#15. Ka: May 1860 (de). For this eruption we use the start date 8 May 1860 reported by 
Forarinsson (1975) and Eliasson et al. (2006) and the end date 27 May 1860 reported 
by Forarinsson (1975).
#25. Ka: October 1918 (d6). For this eruption we use the start date 12 October 1918 
as reported by Forarinsson (1975), Gudmundsson (2005) and Eliasson et al. (2006) 
and the end date 4 November 1918 as reported by Forarinsson (1975). Although Gud­
mundsson (2005) did not state a specific end date for this eruption, he reported that 
the eruption lasted approximately 3 weeks which is in accordance with the dates used 
here.
#28. Ka: June 1955 (de). A less than one day eruption is reported on 25 June 1955 by 
Gudmundsson (2005). Some debate existed about whether this was an actual eruption, 
due to it not breaking through the ice, however, it is now largely accepted (P. Einarsson 
pers. comm.) and is therefore included in the analyses of this study.
Ka: July 1999: Excluded. 20 minutes of volcanic tremor is reported on 17 July 1999 
followed by a Jokullhaulp on 18 July 1999 lasting less than 24 hours by the BVGN 
24:09 monthly report (The Smithsonian Institution’s Global Volcanism Program). How­
ever, its status as an eruption is debated (P. Einarsson pers. comm.) and it is therefore 
excluded from the analyses of this study.
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Chemical composition and duration type classification of Katla erup­
tions
Given the ice covered nature of Katla the chemistry of erupted products for its in­
dividual eruptions are difficult to find. Jakobsson (1979) analysed 34 samples from 
different eruptive units from the ice-free portion of the system and found that they 
were all transitional alkali basalts with a narrow chemical range. This and the lack 
of any intermediate or acid rocks attributed to Katla by previous authors (Jakobsson, 
1979) has led to all eruptions from Katla being considered as single basaltic eruptions 
in the de category of Fig. 3.7
D.7 Krafla
Kr: 1300: Excluded. Precise start and end dates of this eruption are unknown.
Kr: May 1724: Excluded. This eruption is reported by Thorarinsson (1979) and Thor­
darson and Hoskuldsson (2008) as starting on 17 May 1724. The Smithsonian Institu­
tion’s Global Volcanism program (Siebert et al., 2010; Venzke et al., 2013) reports this 
eruption as ending on 18 May 1724, however, alternative sources for this date has not 
been found.
Kr: August 1727: Excluded This is reported by the Smithsonian Institution’s Global 
Volcanism program (Siebert et al., 2010; Venzke et al., 2013) as starting on 21 August 
1727, however, the end date is unknown.
Kr: April 1728: Excluded. This eruption is reported by Thorarinsson (1979) as starting 
on 18 April 1728, however, the end date is unknown.
Kr: August 1728: Excluded This eruption is reported by the Smithsonian Institution’s
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Global Volcanism program (Siebert et al., 2010; Venzke et al., 2013) as starting on 18 
December 1728, however, the end date is unknown.
Kr: June 1729: Excluded. This eruption is reported by the Smithsonian Institution’s 
Global Volcanism program (Siebert et al., 2010; Venzke et al., 2013) as starting on 
30 June 1729 and is assumed to be the final eruptive episode of the 1724-1729 Krafla 
fires, which ended in late September. When treated according to the ‘late month’ 
category of Table 2.1 this results in an end date of 25 September 1729 ±  5 days which 
is in accordance with the end date reported by the Smithsonian Institution’s Global 
Volcanism program (Siebert et al., 2010; Venzke et al., 2013). However, alternative 
sources for these dates have not been found.
#8. Kr: July 1746 (de). A less than one day eruption on 10 July 1746 is reported by 
Thorarinsson (1979).
#35. Kr: December 1975 (de). A less than one day eruption on 20 December 1975 
is reported by Thorarinsson (1979), Einarsson (1991) and Harris et al. (2000). The 
SEAN 01:03 monthly report (The Smithsonian Institution’s Global Volcanism Pro­
gram) record this eruption as starting at 11:20 and ending at 17:00 on this day, giving 
a more precise eruption duration of 5.5 hours which is used in this study.
#36. Kr: April 1977 (de). A  less than one day eruption on 27 April 1977 is reported by 
Bjomsson et al. (1979), Einarsson (1991) and Harris et al. (2000).
#37. Kr: September 1977 (de). A  less than one day eruption on 8 September 1977 is re­
ported by Bjomsson et al. (1979), Brandsdottir and Einarsson (1979), Einarsson (1991) 
and Sturkell et al. (2009). The SEAN 02:09 monthly report (The Smithsonian Institu­
tion’s Global Volcanism Program) and Brandsdottir and Einarsson (1979) report this 
eruption as starting at 18:00 and ending by 22:30 on this day, giving a more precise 
eruption duration of 4.5 hours which is used in this study.
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#38. Kr: March 1980 (d6). A less than one day eruption on 16 March 1980 is reported 
by Tryggvason (1980) and Sturkell et al. (2009). The SEAN 05:03 monthly report (The 
Smithsonian Institution’s Global Volcanism Program) report this eruption as starting 
at 16:20 and ending by 22:30 on this day, giving a more precise eruption duration of 6 
hours which is used in this study.
#39. Kr: July 1980 (dQ). For this eruption we use the start date 10 July 1980 and the 
end date 18 July 1980 reported by Sturkell et al. (2009).
#41. Kr: October 1980 (dG). For this eruption we use the start date 18 October 1980 
and the end date 23 October 1980 reported by Einarsson (1991) and Sturkell et al. 
(2009).
#42. Kr: January 1981 (de). For this eruption we use the start date 30 January 1981 
and the end date 4 February 1981 reported by Tryggvason (1984), Einarsson (1991) 
and Sturkell et al. (2009).
#44. Kr: November 1981 (dQ). For this eruption we use the start date 18 November 
1981 and the end date 23 November 1981 reported by Einarsson (1991) and Sturkell 
et al. (2009).
#46. Kr: September 1984 (d6). For this eruption we use the start date 4 September 
1984 and the end date 18 September 1984 reported by Einarsson (1991), Rossi (1997) 
and Sturkell et al. (2009).
Chemical composition and duration type classification of the Krafla 
eruptions used in this study
The eruptions from Krafla with reported durations that are considered reliable and 
used in this study are individual episodes from either the 1724-1729 Myvatn fires (#
422
APPENDIX D. ICELANDIC ERUPTIONS
8, Table 3.5) or the 1975-1884 Krafla fires (#36, #36, #37, #38, #39, #41, #42, #44 
and #46, Table 3.5). These episodes of periodic rifting a faulting are characterised 
by small effusive eruptions with outpourings of basaltic lava (Bjomsson et al., 1979; 
Thordarson and Larsen, 2007). For this reason these eruptions are all characterised 
as single basaltic eruptions dQ emption durations (Fig. 3.7). The first eruption of the 
Myvatn fires in 1724 would be an exception to this if its duration were used. It was an 
explosive emption ejecting a small quantity of rhyolite pumice and is the most recent 
example of explosive silicic volcanism at Krafla (Gronvold, 1984).
D.8 Krysuvik
Kry: 1325: Excluded. Precise start and end dates of this emption are unknown.
Kry: 1340: Excluded. Precise start and end dates of this emption are unknown.
D.9 Kverkfjoll
Kv: April 1655: Excluded. The Smithsonian Institution’s Global Volcanism program 
(Siebert et al., 2010; Venzke et al., 2013) reports this emption as starting on 15 April 
1655 (d= 45 days), however, the end date is unknown.
Kv: February 1729: Excluded. The Smithsonian Institution’s Global Volcanism pro­
gram (Siebert et al., 2010; Venzke et al., 2013) reports this emption as starting on 15 
February 1729 (±  45 days), however, the end date is unknown.
Kv: August 1729: Excluded. The Smithsonian Institution’s Global Volcanism Program 
(Siebert et al., 2010; Venzke et al., 2013) reports this emption as starting in August 
1729 and is treated according to the ‘nearest month’ category of Table 2.1, however,
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the end date is unknown.
Kv: August 1929: Excluded. The Smithsonian Institution’s Global Volcanism Program 
reports this eruption as starting in January 1929 and ending in February 1929. Both the 
start and end date of this eruption is treated according to the ‘nearest month’ category 
of Table 2.1, however, alternative sources for these dates have not been found.
Kv: 1959: Excluded. Precise start and end dates of this eruption are unknown.
Kv: August 1968: Excluded. The Smithsonian Institution’s Global Volcanism Program 
reports this eruption as starting on 2.3 May 1968 and ending in June 1968. The erup­
tions end date is treated according to the ‘nearest month’ category of Table 2.1, how­
ever, alternative sources for these dates have not been found.
D.10 Orsefajokull
0 : 1362: Excluded. This eruption is reported by Thorarinsson (1958) and Selbekk and 
Trpnnes (2007) as starting in June 1362 and has been treated according to the ‘nearest 
month’ category of Table 2.1. The end date of this eruption is reported as 15 October 
1362 (±  45 days) by the Smithsonian Institution’s Global Volcanism program (Siebert 
et al., 2010; Venzke et al., 2013), however, alternative sources for this date have not 
been found.
#7. O: August 1727 (d^). Dates for this eruption have been inferred from eye witness 
descriptions included within Thorarinsson (1958). The start date of this eruption is 
not specifically mentioned, however, accounts indicate that the associated Jokulhlaulp 
began on 8 August 1727 when ‘fires’ could also been seen. We use this to assume 
that the eruption must have begun in early August, and therefore report a start date 
for this eruption of 5 August 1727 according to the ‘early month’ category of Table
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2.1. Eyewitness accounts within Thorarinsson (1958) indicate that the eruption ended 
in April 1728 and here an end date of 15 April 1728 is used according to the ‘nearest 
month’ category of Table 2.1.
Chemical composition and duration type classification of eruptions 
Oraefajokull
The August 1727 eruption is the only Oraefajokull eruption used in this study. The 
erupted produced of this eruption are non-basaltic (57 wt% Si02, (Prestvik et al., 
2001)) and is described by Larsen et al. (1999) and Selbekk and Trpnnes (2007) as 
a minor explosive eruption of benmoreitic composition. Due to this eruptions weak 
explosivity and relatively long eruption duration it is described here as a mixed erup­
tion with total duration d±. It is worth noting that this eruption is not included in the 
detailed analyses of this study.
D .ll Torfajokull
T: March 1477: Excluded. The Smithsonian Institution’s Global Volcanism Program 
reports this eruption as starting in March 1477 and it is treated according to the ‘nearest 
month’ category of Table 2.1, however, the end date is unknown.
D.12 Vestmannaeyjar
V: October 1637: Excluded. This eruption is reported by the Smithsonian Institution’s 
Global Volcanism program (Siebert et al., 2010; Venzke et al., 2013) as starting in 
October 1637 and ending on 28 February 1638 (±  60 days). The start date is treated
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according to the ‘early month’ category of Table 2.1, however, alternative sources for 
these dates have not been found.
V: September 1896: Excluded. This eruption is reported by the Smithsonian Institu­
tion’s Global Volcanism program (Siebert et al., 2010; Venzke et al., 2013) as starting 
in September 1896 and has been treated according to the ‘nearest month’ category of 
Table 2.1, however, the end date is unknown.
#30. V: November 1963. (Surtseypl) (de). For this eruption we use the start date 6 
November 1963 reported by Thorarinsson (1967c) and Thordarson and Sigmarsson 
(2009) and the end date 30 April 1964 reported by Thorarinsson (1965), Thorarinsson 
(1967c) and Sturkell et al. (2009).
#31. V: June 1964. (Surtsey p2) (de). For this eruption we use the start date 9 June 
1964 reported by Thorarinsson (1965), Thorarinsson (1966) and Thorarinsson (1967c) 
and the end date 17 October 1965 reported by Thorarinsson (1966), Thorarinsson 
(1967b), Thorarinsson (1967c) and Sturkell et al. (2009).
#32. V: December 1965. (Surtsey p3) (de). For this eruption we use the start date 26 
December 1965 reported by Thorarinsson (1967c) and Thorarinsson (1967b) and the 
end date 5 June 1967 reported by Thorarinsson (1967b), Thorarinsson (1967c) and 
Thorarinsson (1968).
#34. V: January 1973 (Heimaey) (de). For this eruption we use the start date 23 Jan­
uary 1973 reported by Thorarinsson et al. (1973). Einarsson and Boucher (1974) 
and Olafsson (1975) and the end date 26 June 1973 reported by Jakobsson et al. 
(2008).
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Chemical composition and duration type classification of eruptions 
Vestmannaeyjar
The three phases of the Surtsey eruption are classified here as single basaltic erup­
tions with duration dQ due to the effusive, Hawaiian type activity displayed during its 
effusive phases when access to the sea was restricted (Thorarinsson, 1967c).
The Heimaey eruption of 1973 produced hawaiite, trachybasalt and basalt (Thorarins­
son et al., 1973; Jakobsson, 1979; Furman et al., 1991) and while Thordarson and 
Larsen (2007) suggest that this eruption is best described as a mixed eruption, here we 
classify it as a single basaltic eruption with duration d6 (Fig. 3.7. Precise details about 
the reasoning behind this is discussed in subsection 3.4.3.
D.13 Miscellaneous
Hekla/Grimsvotn: July 1619: Excluded. An eruption is reported in the year 1619 as 
occurring to the East of Hekla and it is unknown whether this belongs to the Hekla 
or Grimsvotn volcanic systems (Thorarinsson, 1967a). It is reported as starting on 29 
July 1619 (Thorarinsson, 1967a), however, the end date is unknown.
Gnmsvotn/Thordarhyna: May 1903: Excluded. An eruption from either Grimsvotn or 
Thordarhyna is reported by Forarinsson (1974) as starting on 28 May 1903 and ending 
on 12 January 1904. However, some suggest that this eruption ended in 1905, and the 
location of the eruption is also uncertain (P. Einarsson pers. comm.) We have therefore 
excluded this eruption from any analysis in the study.
#48. Gjalp: September 1996. For this eruption we use the start date 30 September 1996 
reported by Einarsson et al. (1997), Gudmundsson et al. (1997), Sigmarsson et al.
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(2000), Steinthorsson et al. (2000) and Gudmundsson et al. (2004) and the end date 
13 October 1996 reported by Einarsson et al. (1997), Gudmundsson et al. (1997), Sig- 
marsson et al. (2000), Steinthorsson et al. (2000), Gudmundsson et al. (2004) and 
Gudmundsson (2005).
D.14 Fire Events
A. Eldja This basaltic flood lava eruption was sourced from the Eldj’ ‘a vent system be­
longing to the Katla volcanic system (Thordarson et al., 2001). The eruptive sequence 
consisted of at least eight distinct eruptive episodes (Thordarson et al., 2001) starting 
in the year 934 (Thordarson et al., 2001; Thordarson and Larsen, 2007) and ending in 
the year 940 (Thordarson et al., 2001). Both of these dates are treated according to the 
year only category of Table 2.1 resulting in a maximum duration uncertainty of ±  365 
days.
B. Myvatnseldar This episode of fires belongs to the Krafla volcanic system. The 
eruptive sequence consisted of six to seven distinct eruptive episodes (Thordarson and 
Larsen, 2007) starting in the year 1724 and ending in the year 1729 (Thordarson and 
Larsen, 2007). Both of these dates are treated according to the year only category of 
Table 2.1 resulting in a maximum duration uncertainty of =b 365 days.
C. Laki This episode of fires belongs to the Grimsvotn volcanic system. The main 
rifting event can be separated into ten eruption episodes, however, magma discharge 
appears to have been continuous throughout (Thordarson et al., 2003) and therefore 
this is included in our dataset of individual eruption durations. Two eruptions occurred 
shortly after the main rifting episode at the Grimsvotn central volcano, and these are 
included in the duration of the Laki fires here. Therefore, here we use the start date 8 
June 1783 as reported by Thordarson and Self (1993) and the end date 26 May 1785
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as reported by Thordarson and Self (1993) and Thordarson and Larsen (2007).
D. Trollahraun This episode of fires most probably belongs to the BarSarbunga vol­
canic system (Jonsson et al., 1997) while Hartley and Thordarson (2013) claim Vei- 
divotn. The eruptive sequence consisted of two to three distinct eruptive episodes 
(Thordarson and Larsen, 2007) starting in the year 1862 and ending in the year 1864 
(Jonsson et al., 1997; Thordarson and Larsen, 2007). Both of these dates are treated 
according to the year only category of Table 2.1 resulting in a maximum duration un­
certainty of db 365 days.
E. Askja This rifting episode from the Askja volcanic system is not included in the 
list of fires within Thordarson and Larsen (2007), however, here we feel that the total 
duration of this episode is best described within the d7 category and therefore it is 
included as such within this study. Here we use the start date 1 January 1875 and the 
end date 20 October 1875 as reported by Sparks et al. (1981).
F. Asjka The Askja fires consisted of five to six distinct eruptive episodes (Thordarson 
and Larsen, 2007) starting in the year 1921 and ending in the year 1929 (Thordarson 
and Larsen, 2007). Both of these dates are treated according to the year only category 
of Table 2.1 resulting in a maximum duration uncertainty of ±  365 days.
G. Surtsey This episode of fires belongs to the Vestmannaeyjar volcanic system. The 
eruptive sequence consisted of at least 3 distinct eruptive episodes starting on 6 Novem­
ber 1963 (Thorarinsson, 1967a; Thordarson and Sigmarsson, 2009) and ending on 5 
November 1967 (Thorarinsson, 1967b,c, 1968)).
H. Krafla fires The Krafla fires consisted of nine distinct eruptive episodes (Thordarson 
and Larsen, 2007). Here we use the start date 20 December 1975 and the end date 18 
September 1984 as reported by Thordarson and Larsen (2007).
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